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PEEFAOE. 



IN the following LectTues I have endeavoured to 
bring the rudiments of a new phUosopliy witliin the 
reach of a person of ordinary intelligence and culture. 

The first seyen Lectures of the course deal with 
ihernwmetrio heat; its generation and consumption in 
mechanical processes; the determination of the me- 
dianical equiyalent of heat ; the conception of heat as 
molecular motion ; the application of this conception 
to the solid, liquid, and gaseous forms of matter ; to 
expansion and combustion ; to specific and latent heat ; 
and to calorific conduction. 

The remaining five Lectures treat of radia/rvt heat ; 
the interstellar medium, and the propagation of motion 
through this medium ; the relations of radiant heat to 
ordiftarj matter in its several states of aggregation ; 
terrestrial, Ixmar, and solar radiation ; the constitution 
of the sun ; the possible sources of his energy ; the re- 
lation of this energy to terrestrial forces, and to vege- 
table and animal life. 

My aim has been to rise to the level of these ques- 
tions from a basis so elementary, that a person possess- 
ing apy imaginative faculty and power of conoentration, 
mi^t acconq>any me. 

-237351 



IT FBEFAOE. 

Wherever additional remarks, or extracte, seemed 
likely to render the reader's knowledge of the sabjects 
referred to in any Lecture more accurate or complete, 
I have introduced such extracts, or remarks, as an Ap- 
pendix to the Lecture. 

For the use of the Plate at the end of the volume, 
I am indebted to the Council of the Eoyal Society ; it 
was engraved to illustrate some of my own memoirs in 
the 'Philosophical Transactions.' For some of the 
Woodcuts I am also indebted to the same learned body. 

To thp scientific public, the names of the builders 
of this new philosophy are already familiar. As ex- 
perimental contributors, Rumford, Davy, Faraday, and 
Joule, stand prominently forward. As theoretic writers 
(placing them alphabetically), we have Qausius, Helm- 
holtz, Ejrchoff, Mayer, Kankine, Thomson ; and in the 
memoirs of these eminent men the student who desires 
it, iiust seek a deeper acquaintance with the subject. 
MM. Begnault and S^guin also stand in honourable re- 
lationship to the Dynamical Theory of Heat, and M. 
Verdet has recently published two lectures on it, 
marked by the learning for which he is conspicuous. 
To the English reader it is superfluous to mention the 
well-known and highly-prized work of Mr. Grove. - 

I have called the philosophy of Heat a new philoso- 
phy, without, however, restricting the term to the sub- 
ject of Heat. The fact is, it cannot be sa restricted ; 
for the'connection of this agent with the general ener- 
gies of the universe is such, that if we master it per- 
fectly, we master all. Even now we can discern, though 
but darkly, the greatness of the issues which connect 
themselves with the progress we have made — tissues 
which were probably beyond* the contemplation of 
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those, by whose industiy and genius the fonndations 
of our present knowledge were laid. 

In a Lectnre on the * Influence of the History of 
Science on Intellectual Education/ deliyered at the 
Eoyal Institution, Dr. Whewell has shown ^ that every 
advance in intellectual education has been the effect of 
some considerable scientific discovery, or group of dis- 
coveries.' K the association here indicated be invaii- 
able, then, assuredly, the views of the connection and 
interaction of natural forces — organic as well as inor- 
ganic — ^vital as well as physical — ^which have grown, 
and which are to grow, out of the investigation of the 
laws and relations of Heat, will profoundly affect the 
intellectual discipline of the coming age. 

In the study of Nature two elements coflie into 
play, which belong respectively to the world of sense 
and to the world of thought We observe a fact and 
seek to refer it to its laws, — ^we apprehend the law, and 
seek to make it good in 'fact. The one is Theory, the 
other is Experiment f which, when applied to the ordi- 
nary purposes of life, becomes Practical Science. Noth- 
ing could illustrate more forcibly the wholesome inter- 
action of these two elements, than Jthe history of our 
pres«nt SAbject. K the steam-engine had not been in- 
vented, we should assuredly stand below the theoretic 
level which we now occupy. The achievements of 
Heat through the steam-engine have forced, witii aug- 
mented emphasis, the question upon thinta'ng nlinds— r 
* What is this agent, by means of which we can super- 
sede the force of winds and rivers — of horses and of 
men? Heat can produce mechanical force, and me- 
chanical force can produce Heat ; some conmion quality 
must therefore unite this agent and the ordinary forms 
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of mechanical power.' This relationship established, 
the generalising intellect could pass at once to the other 
energies of the universe, and it now perceives the prin- 
ciple which unites them alL. Thus the triumphs of 
practical skill have promoted* the developement of phi- 
losophy. Thus, by the interaction of thought and fact, 
of truth conceived and truth executed, we have made 
our science what it is, — ^the noblest growth of modem 
times, though as yet but partially appealed to as a 
source of individual and national might. 

A& a means of intellectual education its claims are 
still disputed, though, once properly organised, greater 
and more beneficent revolutions await its employment 
here, than those which have already marked its appli- 
cations, in the material world. Surely the men whose 
noble vocation it is to systemize the culture of England, 
can never allow this giant power to grow up nn their 
midst without endeavouring to turn it to practical ac- 
count. Science does not need their protection, but it 
desires their friendship on honouBable terms : it wishes 
to work with them towards the great end of all educa- 
tion, — ^the bettering of man's, estate. By continuing to 
decline the oflfered hand, they invoke a contest which 
can have but one result. Science must grow. lis de- 
velopement is as necessary and as irresistible as the 
motion of the tides, or the flowing of the Gulf Stream. 
It is a phase of the energy of Nature, an^ as such is 
sure, in due time, to compel the recognition, if n«t to 
win the alliance, of those who now decry its influence 
and discourage its advance. 

Botjll iNsnTimoK, Fe^ruartf 1868. 
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LECTURE I. 

[Jinuary28^1862.] 
npnuTMEmfl uiwiiihtioh or heat bt mcHANioiL AonoH— ^ 

OOraUXFUON 07 HIAT IH WORK. 



XPPEMDIX :— HOm ON TBI TBXBMO-XLEOTBIO PILB AND aALYANOlOTIB. 

rtE chief charaoteristio of Natural Knowledge is its 
growth ; each fact is vital, and every new discovery 
forms a starting point for fresh investigation. Thns it 
seems destined to advance, nntil the phenomena and laws 
of the material nniverse are entirely subdued by the intel- 
lect of man. But though each dep^btment of natural 
knowledge has been adding to its store, at a rate unknown 
in former times, no branch of it has expanded so rapidly, 
of late, as that which, in these lectures, is to occupy our 
attention. In scientific manuals but scanty reference has 
as yet been made to the modern ideas of Heat, and thus 
the pnblic knowledge regarding it is left below the attain- 



14 LBCrUBB I. 

able leveL Bat the reeerre is natural, for the subject is 
still an entangled one, and, in entering upon it, we must be 
prepared to encounter difficulties. In the whole range of 
Nattural Science, however, there are none more worthy of 
being overcome, — none whose subjugation secures a greater 
reward to the worker. For by mastering the laws and re- 
lations of Heat, we make dear to our minds the interde- 
pendence of natural forces generally. Let us, then, com- 
mence our labours with heart and hope ; let us familiarise 
ourselves ^^hh the latest facts and conceptions regarding 
this aH-pervadii^ agent, and seek dilig^idly the links of * 
law which underlie the facts and give unity to their most 
diverse appearances. If we succeed here we shall sati sfy, 
to an ^extent imknown before, that love of orderiPb of 
beauty which, I am persuaded, is implanted in the mind 
of every person here present. From the heights at which 
we aim, we shall have nobler glimpses of the system of 
Nature than could possibly be obtained, if I, while acting 
as your guide in tiie region which we are now about to en- 
ter, were to confine myself to its lower levels and already 
trodden roads. 

It is my first duty to make you acqumnted with sqjne 
of the instruments which I intend to employ in the exami- 
nation of this question. I must devise some means of 
making the indications of heat and cold visible to you aU, 
and for this purpose* an ordinary thermometer would be 
useless. You could not see its action ; and I am anxious 
that you should see^ with your own eyes, the facts on 
which our subsequent philosophy is to be based. I wish to 
give yda'the material on which an independent judgment 
may be founded ; to enable you to reason as I reason if you 
deem me right, to correct ;ne if I go astray, and to censure 
me if you find me dealing unfairly with my>subject. To 
secure these ends, I have been obliged to abandon the vse 
of a common thermometer, and to resort to the little in- 
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sl^nmeiit a b (fig. 1), whidi yon see before me on the table, 
and which is oaUed a therfno-decbric pUe.* 

By means of this instroment I canse the heat which it 
ireceiv^ to generate an electric current. Yon know, or 
onght 4x> know, that snch a current has the power of de- 
flecting a freely suspended nutgnetio needle, to which it 
flows paralleL Before you I have placed such a needle 
m n (fig. 1), surrounded by a covered copper wire, the free 

• " Flg.l. 




ends of which, w to are connected with the thermo-electric 
pile. The needle is suspended by a fibre, a «, of unspun 
gilk, and protected by a ^lass shade, g, from any disturb- 
ance by currents of air. To one end of the needle I haye 
fixed a piece of red paper, and to the other end a piece of 
blue. All of you see these pieces of paper, and when the 
needle moves, its motion will be clearly visible to the most 
distant person in this room.t 

• A brief description of the thermo-electric pile is given in the 
Appendix to this Lecture. 

f In the actual arrangement the galvanometer here described stood on. 
a stool m front of the lecture table, the wea w w, being suflSciently long 
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At the present moment the needle is quite at rest, and 
points to die zero mark on the graduated disc nnd^neath 
it. This shows that there is no current passing. I now 
breathe for an instant against tbe naked face a of the pilQ 
— a single puff of breath is sufficient for my puipose — 
observe the effect. The needle starts off and passes through 
an arc of 90°. It would go further, did I not limit its 
swing by fixing, edgewise, a thin plate of mica at 90*". 
TakQ notice of the direction of the deflection ; the red a^d 
of the needle moved from me towards you, as if it disliled 
me, ai^had been inspired by a sudden affection for you. 
This action of the needle is produced by tiie small amount 
of warmth communicated by my breath to the face of the 
pile, and no ordinary thermometer could give so large and 
prompt an indication. We will let the heat thus communi- 
cated waste itself; it will do so in a very short time, and 
you notice, as the pile cools, that the needle returns to its 
first position. Observe, now, the effect of cold on the fece 
of the pile. I have here some ice, but I do not wish to wet 
my instrumi^t by touching it with ice. Instead of doing 
so, I will cool this plate of metal by placing it on the ice ; 
then wipe the chilled inetal, and touch with it the face of 
the pile. You see the effect ; a moment's contact suffices 
to produce a prompt and energetic deflection of the needle. 
But mark the direction of the deflection. When the pile 
was wanned, the red end of the needle moved from me 
towards you ; now its likings are reversed, and the red end 
moves from you towards me. Thus you see that cold and 
heat cause the needle to move in opposite directions. The 
important point here established is, that from the direction 
in which the needle moves, we can, with certainty, infer 
whether cold or heat has been communicated to the^ile ; 



to retch horn the table to the stool ; for a Airther description of the gal- 
yanometer, see the Appendix to this Lecture. 
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and tiie energy widi which the needle moyes — ^the prompt- 
ness with which it is driven aside from its position of rest 
— ^ves ns some idea of the comparative quantity of heat 
or cold imparted to it in different cases. In a fatore lecture 
I shall explain how we may express the relative quantities 
of heat with numerical accuracy ; but for the present a gen- 
eral knowledge of the action of our instruments will be 
sufficient. 

My desire now is to connect heat with the more famil- 
iar forms of force, and I will, therefore, in tiie first place, 
try to furnish you with a«tore of facts illustrative of the 
generation of heat by mechanical processes. I have placed 
wmie pieces of wood in the next room, which my assistant 
will now hand to me. Why have I placed them there ? 
Simply that I may perform my experiments with that sin- 
cerity of mind and act which science demands from her 
cultivators. I know that the temperature of that room is 
slightly lower than the temperature of this one, and that 
hence the wood which is* now before me must be slightly 
colder than the face of the pile with which I intend to test 
the temperature of the wood. Let us prove this. I place 
die face of the pile against this piece of wood ; the red end 
of l^e needle moves from you towards me, thus showing 
that the contact has chilled the pile. I now carefully rub 
ibe face of the pile along the surface of the wood ; I say 
* carefully,' because the pile is a brittle instrument, and 
rough usage would destroy it ; — ^mark what occurs. The 
prompt and energetic motion of the needle towards you 
declares that the face of the pile has been heated by this 
small amount of friction. The needle, you observe, goes 
quite up to 90*^ on the side opposite*to that towards which 
it moved before the friction was applied. 

Now these experiments, which illustrate the develope- 
ment of heat by medianical means, must be to us what a 
boy's school exercises are to him. In order J;o fix them on 
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our mindB, and obtain doe mastery over them, we must re- 
peat and vary them in many ways. In this task I ask yea 
to accompany me. Here is a flat piece of brass with a stem 
attached to it ; I take the stem in my fingers, preserving 
the brass from all contact with my warm hand, by envelop- 
ing tiie stem in cold flanneL I place the brass in contact 
with tibie face of my pile ; the needle moves, showing that 
the brass is cold. I now mb the brass against the snrfeoe 
of this cold piece of wood, and lay it once more against 
my pile. I withdraw it instantly, for it is so hot that if I 
allowed it to remain in c<mtact with thc^ instrument, the 
cuirent generated would dash my needle violently against 
its stops, and probably derange its magnetism. Yon see 
the strong deflection which even an instant's contact can 
produce. Indeed, when a boy at school, I have often blis- 
tered my hand by the contact of a brass button, which I 
had rubbed energetically against a form. Here, also, is a 
razor, cooled by contact with ice ; and here is a hone, with- 
out oil, along which I rub my cool razor, as if to sharpen 
it. I now place the razor agiunst the facrf of the pile, 
and you see that the steel, which a minute ago was cold, 
is now hot. Similarly, I taSe this knife and knife-board, 
which are both cold, and rub the knife along the board. I 
place the knife against the pile, and you observe the result ; 
a powerful deflection, which declares the knife to be hot. 
I pass this cold saw through this cold piece of wood, and 
place, in the first instance, the surface of the wood against 
which the saw has rubbed, in contact with the pile. The 
needle instantly moves in a direction which shows the 
wood to be heated. I allow the needle to return to zero, 
and now apply the saw to the pile. It also is hot. These 
are the simplest and most common-place examples of the 
generation of heat by 6iction, and I choose them for this 
reason. Mean as they appear, they will lead us by degrees 
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into tbe secret recesses of Natnre, and laj open to our 
view the policy of the material imiyerse. 

Let me no v* make an experiment to illostrate the de- 
yelop^nent of heat by compression. I have here a piece 
of deal, cooled below the temperature of the room, and 
giving, wheu placed in contact with onr pile, the deflection 
whidi indicates cold. I place this wood between the 
plates of a small hydraulic press, and squeeze it forcibly. 
The plates of the press are also, you will observe, cooler 
than the air of the room. After compression, I bring the 
wood into cont^ with the pile ; see the effect. The galr 
yanometer declares that heat has been developed by the 
act of compression. Predsely the same occurs when I 
place this lead bullet between the plates of the press and 
.squeeze it thus to flatness. 

And now for the effect of percussion. I have here a 
cold lead bullet, which I place upon this cold anvil, and 
strike it with a cold sledge hammer. The sledge descends 
witii a certain mechanical force, and its motion is suddenly 
destroyed by the buUet and anvil ; apparently the force of 
tilie sledge is lost. But let us examine the lead ; you see it 
is heated, and could we gather up all the heat generated by 
tiie 8ho<^ of the sledge, and apply it without loss mechan- 
ically, we should be able, by means of it, to lift this ham- 
mer to ihe height from which it fell. . 

I have here arranged another experiment, which is almost 
too delicate to be performed by the coarse apparatus neces- 
sary in a lecture, but which I have made several times be- 
fore entering this room to-day. Into this small basin I 
pour a quantity of mercury which has been cooled in the 
next room. I have coated one of the faces of my thermo> 
electric pile with varnish, so as to defend it from the mer- 
cury, which would otherwise destroy tiie pile^ and, thus 
protected, I can, as you observe, plunge the pile into the 
liquid metaL The deflection of the needle shows you that 



so 
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Fig.S. 



the mercury la oold. Here are two glasses ▲ and b (fig* 
2), swathed thickly ronnd by listing, which will eflfectoaUy 
prevent the warmth of my hands from reaching the mer- 
cury. . Wdl, I pour the cold mercury from the one glass 
into the other, and back. It falls with a certain mechani- 
cal force, its motion is destroyed, but heat is developed. 
The amount of heat generated by a siogle pouring out is 
eztr^nely small ; I could tell you the exact amount, but 
shall defer quantitative consideraticnis till our next lecture ; 
so I pour the. mercury from glass to glass ten or fifteen 
times* Now mark the result, when the pile is plunged into 

the mercury. The 
needle moves, and its 
motion declares that 
the mercury, which 
at the beginning of 
the experiment was 
cooler than the pile, 
is now warmer than 
the pile. We h^re 
introduce mto the 
lecture-room an effect 
which occurs in na- 
ture at the base of ev- 
ery waterfalL There 
are friends before me 
who have stood amid the foam of Niagara. Had they, 
when liiere, dipped sufSciently sensitive thermometers into 
the water at the top and bottom of the cataract, they would 
have found the latter a little warmer than the former. The 
sailor's tradition, also, is theoretically correct ; the sea is 
rendered warmer through the agitation produced by a 
storm, the mechanical dash of its billows being ultimately 
converted into heat. 

Wlyenever friction is overcome, heat is produced, and 
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the heat prodiiced is the measure of the foroe expended in 
orercoming the fiiotion* The heat is amply the primitiye 
force in another form, and if we wish to avoid this conver- 
sion, we mnst abolish the friction. We nsnallj pat oil 
upon the surface of a hone, we grease a saw, and are care- 
ful to hibricate the axles of our railway carriages. What 
are we really doing in these cases ? Let us get general 
notions first ; we shall come to particulars afterwards. It is 
the object of a railway engineer to urge his tram bodily 
£rom one place to another; say from London to Edinburgh, 
or from London to Oxford, as the case may be ; he wishes 
to i^pply the force of his steam, or of his furnace, which 
gives tension to the steam, to this particular purpose. 
It is not his interest to allow any portion of that force to 
be ccmverted into another form of foice which.would not 
further the attainment of his object. He does not want 
his axles heated, and hence he avoids as much as possible 
expending his power in heating theuL Li fact, he has ob- 
tained his force from heat, and it is not his object to recon- 
vert the force thus obtained into its primitive form. For, 
fwr every degree of temperature generated by the friction 
of his sodes, a definite amount would be withdrawn from 
the urging force of his engine. There is no force lost ab- 
solutely. Could we gather up all the heat generated by 
the friction, and could we apply it aU mechanically, we 
diould, by it, be able to in^part to the train the precise 
amount of speed which it had lost by the friction. Thus 
every one of those railway porters whom you see moving 
about with his can of yellow grease, and opening the little 
boxes which surround the carriage ades, is, without low- 
ing it, illustrating a principle which forms the very solder 
of Nature. In so doing, he is unconsdously afllrming both 
the convertibility and the indestructibility of force. He is 
practically asserting that mechanical energy may be o(m- 
verted into heat, and that, when So c<mvwted, it cannot 
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sdU exist as medianical energy, but that, for every d^ree 
of heat developed, a strict and pr<^rtional equiTalent of 
the looamoHve force of the engine dis^pears. A station is 
approached, say at the rate of thirty or forty miles an hour; 
the brake is applied, and smoke and sparks issue from the 
wheel on whidi it presses. The train is brought to rest — 
How ? Simply by converting the ^itire moving force whidi 
it posisessed, at the moment the brake was applied, into heat. 

So, also, with regard to the greasing 6f a saw by a car- 
penter. He appli^ the muscular force of his aim with the 
express object of getting throng the wood. He wishes to 
tear the wood asunder, to overcome its mechanical cohencm 
by the teetLof his saw. When the saw moves stiffly, on 
account of the friction against its flat surface, the same 
amount of force may produce a much smaller effect than 
when the implement moves without fricticm. But in what 
sense smaller ? Not absolutely so$ but smaller as regards 
tiie act of sawing. The force not expended in the sawing 
is not lost ; it is converted into heat, and I gave you an 
example of this a few minutes ago. Here again, if we 
could collect the heat engendered by the friction, and apply 
it to urge the saw,, we should make good the predse amount 
of work which the carpenter, by neglecting the lubricaticm 
of his implement, had simply converted into another form 
of power. 

We warm our hands by rubbing, and in the case of 
frostbite we thus restore the necessary heat to the injured 
parts. Savages have the art of producing fire by the skil- 
frd friction of well-chosen pieces of wood. It is easy to 
char wood in a lathe by friction. From th^ feet of tiie 
labourers on the roads of Hampshire sparks issue copiously 
on a dark night, the collision of their iron-shod shoes 
agdnst the flints producing the e^t. In the ccHumon 
flint and steel the partides of the metal struck off are so 
much heated by the coUiBion that they take fire and bum in 
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the air. But the heat precedes the combiifition. Dary 
found that wbesn a gunlock, with a flmt, was dkdiarged in 
vaoao, no qmrks were produced, but the partides of steel 
Btmck o€^ when exammed under the miorosoope, showed 
signs of fusion.* H«^ is a large rock-crystal ; I have only 
to draw this small one briskly along it, to produce a stream 
of light ; here are two qnartz pebbles, I have only to rub 
them together to make them lominons. 

A bullet, in passing through the air, is warmed by the 
fiietion, and the most probable theory of shooting stars is 
tiiat they are small planetary bodies, revolying round the 
son, which are caused to swerve frtm their orbits by the 
attraction of the earth, and are raised to incandescence by 
friction against our atmosphere. Mr. Joule has shown 
that the atoiospheric friction is competent to produce the 
effect ; and he may be correct in believing that the greater 
pardon of the aerolites are dissipated by heat, and the 
earth thus spared a terrible bombardmentf These bodies 
move with planetary velocity ; the orbital, velocities of the 
four mterior planets are as follows : — 

Miles per seeond. 
Hercory, ...... 80-40 

Venua, . ... 22*24 

Earth, 18-91 

Mars, . . . . 16-32 

while the velocity of the aerolites varies from 18 to 36 
miles a second.^ The friction engendered by this enor- 
mous speed is certaiuly c(Hnpeteiit to produce the effects 
asmbed to it. 

More than sizly-four years ago Count Rumford, who 
was one of the founders of the Royal Institution, exe- 
cuted a series of experiments on the generation of heat 

• Works of Sir H. Davy; vol. iL p. 8. 

t Fhflosopliical Magazine, 4fl S^es, vol. xzzil p. 849. 

% GalbnUh and Houghton's Manual of Astron o my, p. 18. 
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by frictiiHi, which, Tiewed hy the light of to4ay are of 
the highest interest and importance. Indeed, the aeryioes 
which this Institution has rendered, in connection with 
this question of the brotherhood of natural forces, can 
never be forgotten. Thomas Young, a former profes- 
sor of this Institution, laid the foundations of the undula- 
tory theory of light, which, in its fullest application, em- 
braces our present theory of heat Davy entertained sub- 
stantially the same views regarding heat as those which I 
am now endeavouring to approach and elucidate. Faraday 
established the laws of equivalence between chemistry and 
electricity, and his magneto-electric discoveries were the 
very first seized upon by Mr. Joule in illustration of the 
mutual convertibility of heat and mechanical actic»i.* Rum- 
ford, in a paper of grej^t power both as regards reasoning 
and experiment, advocated in 1798f the doctrine regarding 
the nature of heat which the recent experiments of eminent 
men have placed upon a secure basis. While engaged in 
the boring of cannon at Munich, he was so forcibly struck 
by the large amount of heat developed in the process of 
boring, that he was induced to devise an apparatus for 
the special examination of the generation of heat by fric- 
tion. He had eonstructed a hollow cylinder of iron, into 
which he fitted a solid plunger, which was caused to press 
agaiast the bottom of the cylinder. A box which sur- 
rounded the cylinder contained 18f lbs. of water, in whidi 
a thermometer was placed. The original temperature of the 
water was 60°. The cylinder was turned by horse-labour, 
and an hour after the friction had commenced the temperar 
ture of the water was 107% having been raised 47°. Half 
an hour afterwards he found the temperature to be 142°. 
The action was continued, and at the end of two hours the 

• FhUoeophical Magaiine, 4Ui Serieil,^. zxiil pp. 265, 847, 486. 
f An abstract of this ptper is girea in the App«D<&L to Lecture n. 
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t^qperatore as 1*78^ At the end of two hoars and twenty 
minntes it was 200"^, and at two hours and tibirty mmntes 
&oni the conuneiioement the toater aotuaUy bailed/ Bnm- 
ford^s deacrqytion of the effect of this expmment on those 
wlio witnessed it, is quite del]|^tf oL * It wonld be ^ffi- 
catty^ he says, * to describe the surprise and astonishment 
expressed in the countenances of the bystanders on seeing 
so large a quantity of water heated, and actually made to 
boQ, without any fire. Though there was nothing that 
could be considered very surprising in this matter, yet I 
acknowledge fSdrly that it afforded me a degree of .diildish 
pleasure which, welre I ambitious of the reputation of a 
grave philosopher, I ought most certainly rather to hide 
than to discover.'* I am sure that both you and I can dis- 
pense with the {^plication of any philosophy which would 
stifle such emotion as Rumford here avowed. In connec- 
tion with this striking experiment, Mr. Joulef ha3 estimated 
the amount of mechanical force expended in producmg the 
heat, and obtamed a result which/ is not very widely differ- 
ent ' irom that whidi greater knowledge and more refined 
experiments enabled Mr. Joule himself to obtain, as regards 
the numerical equivalence of heat and werk. 

It would be abstbrd on my part to attempt here a repe- 
tition of the experiment o£ Count Rumford with all its 
conditions. I cannot devote two hours and a half to a sin- 
gle experiment, but I hope to be able to show you substan- 
tially the same effect in two minvtea and a ha^, I have 
here a brass tube, four inches long, and three quarters of 
an indi in interior diameter. It is stopped at tiie bottom, 
and I thus screw it on to a whirling table, by means of 
which I^ean cause the upright tube to rotate very rapidly. 
I have here two pieces of oak wood, united by a hinge, and 

* Rtimfbrd*8 Essays, toL ii p. 484. 

f Philosophical TransactioDS, vol. cxL p. 62. 
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in which are two semioircalar grooves, which are intended 
to embrace the brass tabe. Thus the pieces of wood form. 
a kind of tongs, t (fig. 3), by .gently squeezing which I can 
produce friction between tiie wood and the brass tube» 
when the hitter rotates. ^ ahnost fiU the tube with cold 




water, and stop it with a cork, to prevent the splashing out 
of the liquid, and now I put the machine in motion. As 

te action continues, the temperature of the water rises, 
d though the two minutes and a half have not yet elapsed, 
those near the apparatus will see steam escaping from the 
cork. Three or fbur times to-day I have projected the cork 
by the force of the steam to a height of twenty feet In the 
air. There it goes again, and the steam follows it, pro- 
ducing by its precipitation this small cloud m the at- 
mosphere. 

In all the cases hitherto introduced to your notice, heat 
has been generated by the expenditure of mechanical force. 
Our experiments have gone to show that where mechanical 
force is expended heat is produced, and I wish now to 
bring before you the converse experiment, that is, the conr- 
sumption of heat in mechanical work. And should you at 
present find it difilcult to form distinct conceptions as to 
the bearing of these experiments, I exhort you to be pa- 
tient. We are engaged on a difficult and entangled sub- 
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' ject, which, I hope, we shall disentSDgle as we go along. 
I have here a strong vessel, filled, at the present moment, 
ynSi compressed air. It has been now compressed for some 
hours, so th^t the temperature of the air within the vessel 
is the same aa that of the air of the room without it. At 
the present moment, then, this inner air is pressing against 
the sides of the vessel, and if I open this cock a portion of 
the air will rush violently out of the vesseL The word 
* rush,', however, but vaguely expresses the true state of 
things ; the air which rushes out is driven out by the air 
behind it ; this latter accomplishes the work of urging for- 
ward the stream of air. And what will be the condition 
of the working air during this process ? It will be chiUed. 
It performs mechanical work, and the only agent which it 
can can upon to perform it is the heat which it possesses, 
and to which the elastic force with which it presses against 
the ndes of the vessel, is entirely due. A portion of this 
heat will be consumed and the air will be chilled. Observe 
the experiment which I am about to make. I will turn 
the cock c, and allow the current of air from' the vessel v. 
(fig. 4), to strike against the face of the pile p. See how 

Flg.4. 
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the magnetio needle responds to the act ; its red end is 
driven towards me, thus declaring that the pile has been 
chilled by the current of air. • 

The effect is different when a current of air is urged 
from the nozzle of a common bellows against the thermo- 
electric pile. In the last experiment the mechanical work 
of urging the air forward was performed by the air itself, 
and a portion of its heat was consumed in the effort In 
the case pf the bellows, it is my muscles which perform 
thQ work. I raise the upper board of the bellows and the 
sir rushes in ; I press the boards with a certain force, and 
the air rushes out. The expelled air strikes the face of the 
pile, has its motion stopped, and an amount of heat equivar 
lent to the destruction of this motion is instantly generated. 
Thus you observe that when I urge ynth the bellows b 
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(fig. 5), a current of air against the pile, the red end of the 
needle moves towards you, thereby showing th* the face 
of the pile has been, in this instance, warmed by the air. I 
have here a bottle of soda water ; at present the bottle is 
slightly warmer than the pile, as you see by the deflection 
it produces ; I cut the strings which holds the cork, and it 
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IB it driyen out by the elastic force of the carbonic acid 
gas ; the gas performs work, in so doing consumes heat, 
and now the deflection it produces is that of cold. The 
truest romance is to be found in the details of daily life, 
and here, in operations with which every child is familiar, 
we shall gradually discern the illustration of principles 
from Irhich all material phenomena flow. 
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NOTB ON THE CONBTKUCTION OF THE THEEMO-ELECTBIO PILE. 



Fig.& 



Let a b (fig. 6} be a bar of antimony, and b o a'blu: of bia- 
math, and let both bars be soldered together at b. Let the free 
ends A and o be miited by a piece of wire, ad o. 
On warming the place of jmiction, b, an electric 
current is generated, the direction of which is 
from bismuth to antimony (b to a, or against 
the alphabet), across the jmiction, and from an- 
timony to bismuth (a to b, or with the alpha- 
bet), through the connecting wire, ado. The 
arrow indicates the direction of the current. 

If the junction b be chiUedy a current is gen^ 
rated opposed in direction to the former. The 
figure represents what is called a thermo-electric 
pair or couple. 

By the union of several thermo-electric pairs, 
a more powerM current can be generated than 
would be obtained from a single pair. Fig. 7, 
for example, represents such an arrangement, in which the shaded 
bars are supposed to be all of bismuth, and the unshaded ones of 
antimony ; on warming all the junctions, B, B, &c., a current is 
generat^ in each, and the sum of these currents, aU of which fiow 
in the same direction, will produce a stronger resultant eurrent 
tiian that obtained fix>m a single -j^sixt. 

The y formed by each pair need not be so wide as it is shown 
in fig. 7 ; it may be contracted without prejudice to the couple. 
And if it is de^red to pack seyeral pairs into a small compass, 
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eadi separate coxxple may be arranged as in fig. 8, where the black 
lines represent small bismuth bars, and the white ones small bars 
of antimony. They are soldered together at the ends, and through- 
out the length are nsoally separated by strips of paper merely. A 




collection'of pairs thus compactly set together constitutes a ther- 
mo-electric pile, a drawing of which is given in fig. 9. 

The current produced by heat being always from bismuth to 
antimony across the heated junction, a mementos inspection of 
^, 7 will show that when any one of the junctions A, A, is heated, 
«a current is generated, opposed in direction to that generated 
when thq heat is applied to the junctions b, b. sAce, in the case 
of the thermo-electric pile, the effect of heat f&lling upon its two 
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opposite faces is to produce currents in opposite directions. If 
the temperature of the two faces be alike, they neutralize each 
other, no matter how high they may be heated absolutely, but if 
one of them be warmer than the other, a current is produced. The 
current is thus due to a differenee of temperature between the two 
taoes of the pUe, and within <;ertain limits the strength of the cur- 
rent is ezactiy proportioned to this difference. 
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From the jnnction of almost any other two metalB, thermo- 
electric currents may be obtained, but they are most^copionsly 
generated by the union of bismnth and antimony.* 



HOTS OH THE CONSTSnCTION OF THE GALYANOMETEB. 

The existence and direction of an electric corrent are shown 
by its action upon a freely suspended magnetic needle. 

Bnt such a needle is held in the magnetic meridian by the 
magnetic force of the earth. Hence, to move a single needle, the 
current must oyercome the magnetic force of the eartb. 

Very f^ble currents are incompetent to do this in a sufficiently 
sensible d^p«e. The following two expedients are, therefore, 
combined to render sensible the action of such feeble cuirents : — 

The wire through which the current flows is coiled so as to 
surround the needle seyeral times ; the needle must swing freely 
within the coil. The action of Uie single current is thus mul- 
tiplied. 

The second deyice is to neutralize the direc&ye force of the 
earth, without ^gudice to the magnetism of the needle. This is 
accomplished by using two nee- 
dles instead of one, attaching Fig. 10. 
them to a common yertical stem, 
and bringing their opposite poles 
oyer each other, the north end of 
the one needle, and the south end ^ 
of the other, being thus turned in 
the same direction. -The double 
needle is represented in fig. 10. ? 

It must be so arranged that 
one of the needles shall be within the coil thrpugh which the cur- 

• The discovery of thermo-electricity is due to Thomas Seebeck, Pro- 
fessor in the UnlTersitj of Berlin. NobiU constructed the first thermo- 
electric pile ; but in Melloni^s hands it became an instrument so important 
as to supersede all others In researches on radiant heat To this purpose 
it wiU be applied hi future lectures. 
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rmi flawB, while the other needk swings fiedy above the coil, the 
verdeal connectiiig piece passing throngh an appropriate slit in 
the coiL "Wen both the needles within, the same current would 
urge them in opposite directions, and thus one needle would neu- 
tn^Iize the other. But when one is Within and the other without, 
the current urges both, needles in the same direction. 

The way to prepare such a pair of needles is this. Magnetize 
both of them to aatwation ; then suspend them in a Teasel, or un- 
der a diade, so as to jxrotect them from air-cuirents. The system 
win probably set in the magnetic meridian, one needle behig in 
ahnoet all cases stronger than the other; weaken the stronger 
needle carefully by the touch of a second smaller magnet. When 
the needles are precisely equal in strength, they will set at right 
angUi taihe magnetic meridiem. 

It might be supposed that when the needles are equal in 
strength, the directive force of the earth would be completely an- 
nulled, Ihat the doulde needle would be pei&ctly aetoHcj and per* 

FIg.lt 




Ibctly neotnl as regards direction \ obeyiog simply the torsion of 
its suspending fibre. This would be the case if the magnetic axes 
of botli needles could be caused to lie with mathematical accuracy 
in the same vertical plane. In practice, this is next to impos- 
2* 
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Bible ; the axes always cross each other. Let n$^n' tf (fig. 11) 
represent the axes of two needles thus. crossing, the magnetic 
meridian being parallel to m b ; let th<» pole n be drawn by the 
earth's attractive force in the direction n m ; the pole «' being 
urged by the repulsion of the earth in a precisely opposite direc- 
tion. When the poles n and <' are of exacUy equal strength, it is 
mani&st that the force acting on the pole t', in the case here sup- 
posed, would have the adyantage as regards leverage, and would 
therefore overcome the force acting on n. The crossed needles 
would therefore turn away still fhrther from, the magnetic meri- 
dian, and a little reflection will show that they cannot come to rest 
until the line which bisects the angle endoeed by the needles is at 
right angles to the magnetic meridian. 

This is the test of perfect equality as regards th%, magnetism 
of the needles ; but in bringing the needles to this state of perfec- 
tion, we have often to pass through various stages of obliquity to 
the magnetic meridian. In these cases the superior strength of 
one needle is compensated by an advantage, as regards leverage, 
possessed by the other. By a happy accident a touch is some- 
times sufficient to make the needles perfectly equal; but numy 
hours are often expended in securing this result. It is only, of 
course, in very delicate experiments that this perfect equality is 
needed ; but in such experiments it is ess^ntiaL 
** Another grave difficulty has Ibeset experimenten, even after tho 
perfect magnetization of their needles has been accomplished. 
Such needles are sensitive to the slightest magnetic action, and 
the covered copper wire, of which the galvanometer coils are 
formed, usually contains a trfLce of iron sufficient to deflect liie 
prepared needle from its true position. I haVe had coils in whidi 
this deflection amounted to 80 d^^rees ; and in the splendid in- 
struments used by Professor Du Bois Raymond, in his researches 
on animal electricity, the deflection by the coil is sometimes even 
greater than this. Mellon! encountered this difficulty, and 
proposed that the wires should be drawn through agate holes, 
thus avoiding all contact with iron or steel. The disturb- 
ance has always been ascribed to a trace of iron contained 
in the copper wire. Pure silver has also been proposed instead 
of copper. 
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To pnrgoe his beantiM thenno-eleciric researches in a sotisfiio- 
Uarj maimer, Professor Magnus, of Berlin, obtained pore copper, 
by a most laboiioos dectrolytio process, and after the metal had 
been obtained, it required to be melted eight times in succession 
before it could be drawn into wire. In fact, the impurity of the 
ooil entirely yitiated the accuracy of the instrument, and almost 
any amount of labour would be well expended in r^OTing this 
great defect. 

My own experience of this sulrject is instoictiye. Ihadabeau- 
tiM instrument constructed a few years ago by Bauerwald, of Ber- 
lin, the coil of which, when no current flowed through it, deflected 
my double needle full 80. d^rees fix>m the zero line. It was im- 
possible to attain quan|j^tatiye accuracy with this instrument. 

I had the wire remoyed by Mr. Becker, and English wire used 
in its stead ; the deflection fell to 8 d^prees. 

This was a great improy^nent, but not sufficient for my pur- 
pose. I commenced to make inquiries about the possibility of 
obtaining pure copper, but the result was yery discouraging, 
Mien, almost deq)airing, the following thought occurred to me : 
The action of the ooil must be due to the admixture of iron with* 
the copper, for pure copper is diamagnetic, it is feebly repdled by 
a strong magnet. The magnet therefore occurred to me as a 
nieans of instant analysis ; I could tell by it, in a moment, whether 
any wire was free from the magnetic metal or not. 

The wire of M. 8auerwald's coil was strongly attracted by the 
magnet The wire of Mr. Becker's coil was also attracted, though 
in a much feebler degree. 

Both wires had been coyered by green silk ; I remoyed this, 
but the Berlin wire was still attracted ; the English wire, on the 
contm^, when presented HaJced to the magnet was feebly 
repeSLed; it was truly diamagnetic, and contained no sensible 
trace of iron. Thus the whole annoyance was fixed upon the 
green silk ; some iron compound had been used in the dyeing 
of it, and to this the deyiation of the needle from zero was mani- 
festly due. 

I had the green coating remoyed and the wire oyerspun with 
white silk, clean hands being used in the process. A p^ect gal- 
yanometer is the result ; the needle, when released from the action 
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of the cmrent, retorns aocimtely to xero, and k perfectly free from 
all magnetio action on tlie part of the ooiL In fitct, while ^ 
have been devising agate plates and other learned methods to get 
rid of the nnisanoe of a magnetic colli the means of doing so are 
at hand. Let the copper wire be selected by the magnet, and no 
difficulty will be ezpeiienoed in obtaining specimens magnetically 
pmns. 
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[January^SO, 1862.] 

'HHE kATUBX OF RSAT-^THB KATKBLLL THIORT— <rHE DTNAMICAL THSOBT 
— THSEMAL XFRCn OV AU IN MOTION—- OIKIBATION OV HIAT BT 
BOTATlOir BJUIfUN TBI POLES OF A IfAGNXT — ^KXPSRHfllfTS OF EDM- 
FOBD, DATT, ANB JOULI— THE MEOHANIOAL EQUnTALEMT OF HEAT — 
HEAT GEHXBATED BT PROJECTILES — ^HEAT WHICH WOULD BE GENERATED 
BT BTOPPINa THE EARTH'S MOTION — ^METEORIC THEORY OF THE SITN*S 
HEAT — AFLAME IN ITS RELATION TO THE DTNAMIOAL THEORY. 

appendix: — ^EXTRACTS FROM BACON AND RUMFORD. 

rj our last lecture the developement of heat by mechan- 
ical action was illustrated by a series of experiments, 
which showed that heat was easily produced by friction, 
by compression, and by percussion. But facts alone can 
not satisfy the human mind ; we desire to know the inner 
and inioslble cause of the fact ; we search after the prin- 
ciple by the operation of which the phencmiena are -prch 
duced. Why should heat be generated by mechanical ac- 
tion, and what is the real nature of the agent thus gene- 
rated P Two rival theories hare been offered in answer to 
these questions. Till very lately, however, one of these — 
the mcOerud theory — ^had the greater number of adherents, 
being opposed by only a few eminent men. Within cer- 
tion limits this theory involved conceptions of a very sim- 
ple bindy and this simplicity secured its general acceptance. 
The material theory supposes heat to be a kind of matter 
—a subtle fluid— stored up in the inter-atomic spaces of 
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bodies. The laborious Ginelin, for epunple, in his Hand- 
book of Chemistry, defines heat to be ^that substance 
whose entrance into oar bodies causes the sensation of 
warmth, and its egress the sensation of cold.'* He also 
speaks of heat combining with bodies as one ponderable 
substance does with another; and many other eminent 
chemists treat the subject from the same point of view. 

The deyelopement of heat by mechanical means, inas- 
much as its generation seemed unlimited, was a great diffi- 
culty with the materialists ; but they were acquainted with 
the fact (which I shall amply elucidate in a future lecture) 
that diflferent bodies possessed different powers of holding 
heat, if I may use such a term. Take, for example, the 
two liquids water and mercury, and warm up a pound of 
each of them, say from fifty degrees to sixty. The abso- 
lute' quantity of heat required by the water to raise its 
temperature 10° is fully thirty times the quantity required 
by the mercury. Technically speaking, the water is said 
to have a greater capacity for heat than the mercury has, 
and this term ^ capacity ' is sufficient to suggest the viewB 
of those who invf&nted it. The water was isupposed to 
possess the power of storing up the caloric or matter of 
heat ; of hiding it, in fact, to such an extent that it required 
thirty measures of this caloric to produce the same sensible 
effect on it, that onp measure would produce upon mercury. 

All substances possess, in a greater or less degree, this 
apparent power of storing up heat. Lead« for example, 
possesses it ; and the experiment with the lead bullet, in 
which you saw heat generated by compression, was explain- 
ed by those who held the material theory in the follow- 
ing way. The uncompressed lead, they said, has a higher 
capacity for heat than the compressed substance ; the size 
of its atomic storehouse is diminished by compression, and 

* Engliah TranslatioD, yoL I p. 23» 
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henoe, when the lead is squeezed, a portion of that heat 
which, previous to compression, was hidden, must make 'its 
appearance, for the compressed substance ^an no longer 
hold it alL In scane similar way the experiments on fric- 
tion and percussion were accounted for. The idea of call- 
ing new heai into existence was rejected by the believers 
in the material theory. Accordii^ to their views, the 
quantity of heat in the universe is as constant as the 
quantity of ordinary matter, and tibe utmost we pan ^o by 
mechanical and chemical means, is to store up this heat or 
to drive it from its lurking place into open light of day. 

The dyncmdcail theory ^ or, as it is sometimes called, the 
mechanicaL theory of heat, discards the idea of materiality 
as applied to heat. The supporters of this theory do not 
believe heat to be matter, but an accident or conditiou of 
matter ; namely, a motion of its nMmcUe partides. From 
the direct contemplation bf some of the phenomena of 
heat, a profound mind is led almost instinctively to con- 
clude tiiat heat is a kiud of motion. Bacon beld a view of 
this kind,* and Locke stated a similar view with singular 
felicity. ^ Heat' he says, *' is a very brisk agitation of the 
insensible parts of the object, which produce in us that 
sensation from whence we denominate the object hot ; so 
what in our sensation is heatj in the object is nothing but 
motion.^ In our last lecture I referred to the experim^ts 
of Count Bumfordf on the boring of cannon'; he showed 
that tiie hot chips cut from his cannon did not change their 
ci^ladty for heat ; he collected the scales and powder pro- 
duced by the abradon of his metal, and holding them up, 
• ■ • 

* See Appendix to this Lecture. 

f I have particular {Measure in directing the reader^s attention to an 
abstract of Count Bnmford's meaioir on the Generation of Heat by Fric- 
tion, contained in the Appendix to this lecture. Bumford, in this me- 
mdr, annihilates the material theory of heat Nothing more powerful cm 
the Bobject has since been written. 
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before his oppcmaits, damanded whetlier tbey believed 
tiiat ike vast amount of beat wbidi be bad generated bad 
been all squeezed out of tbat modionm of crusbed metal ? 
^Toa bave not,' be migbt bave added, * given yourselves 
tiie trouble to enquire wbetber snj ohange wbatever baa 
oconrred in tbe cllpacity of tbe metal for beat by tbe aet 
of fiiolion. You are quick m inventing reasons to save 
your tbeory from destmotion, but slow to enquire wbetber 
tbese^easons ure not merdy tbe finespun faades of your 
own brains.' Tbeories are indispensable, but tbey some- 
times aot like drugs upon tbe miud. Men grow fond of 
tbem as tbey do of dram-drinking, and often fed discon- 
tented and irascible wben tbe stimulant to the imagination 
is iakem. away. 

At this point an experiment of Davy comes fortb in its 
true significance.* Ice is solid water, and tbe solid has 
only one half the capacity for beat tbat liquid water pos- 
sesses. A quantity of beat which would raise a pound of 
ice ten degrees in tempen^ure, would rake a pound of wa- 
ter only five degrees. Further, to simply liquefy a mass 
of ice, an enormous amount of heat is necessary, this beat 
being so utterly absorbed or rendered ^ latent ' as to make 
no impression upon the thermometer. The question of 
^latent beat' shall be fully discussed in a future lecture; 
what I am desirous of impressing on you at present is, tiiat 
liquid watery 9t its freezing temperature, possesses a vastly 
greats amount of heat than ice at the same temperature. 

Davy reasoned thus : * If I, by friction, liquefy ice,*I 
produce a sbbstanoe which contains a far greater absolute 
amount of beat than the ice ; and, in this case^ it cannot, 
with any show of reason, be affirmed that I merely render 
sensible the beat hidden in the ic^ for that quantity is only 
a small fraction of the beat' contained in the water.' He 

• Woria of Sir H. Jhrj, Td. ii, p. IL 
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made the experiinent, and liquefied the ice by pare friction ; 
and tilie result has been regarded as the first which proved 
the immateriality of heat. 

When a hamnfer stfikes a bell, the moticm of the ham- 
mer is arrested, but its force is not destroyed ; it has 
thrown the bell into vibrations, which affect the anditory 
nerves as somid. So, also, when our sledge hammer de- 
scended upon our lead bullet, the descending motion of the 
sledge was arrested : but it was not destroyed. Its moHan 
fDcta tramferred to the atoms of the ieady and announced it- 
self to the proper nerves as heat. The theory, then, which 
Romford so powerfully advocated, and Davy so ably sup- 
ported,* was, tiiat heat is a kind of molecular motion ; and 
that, by friction, percussion, or ccnnpression, this motion 
may be generated, as well as by combustion* This is the 
theory which must gradually develope itself during these 
lectures, until your minds attidn to perfect clearness re- 
garding it. And, rem^nber, we are entering a jungle, and 
must not exp^t to find our way dear. We are striking 
into the brambles in a random fashion at first ; but we shall 
thus become acquainted vdth the general character of our 
work, and, with due persistence, shall, I trust, cut through 
all entanglement at last. 

In oxir first lecture I showed you the effect of projeetii^ 
a current of compressed air against the face of the thermot 
electric pile. You saw that the instrument was chilled 1^ 
the current of air. Now, f^eat is imown to be developed 
-^hen air is compressed; and, since last Thursday, I have 

* In Davy's first sotentifie memoir, he calls heat a repolsiye motion, ' 
which he nys may be augmented in various ways. 'Urst, by the trans- 
mutation of mechanical into r^ulsive motion ; that is, by fiicti<m or per- 
cussion. In this case the medianical motion lost by* the masses of mat- 
ter in friction is the repulsive motion guned by their corpuscles : * an 
extremely remaikable passage. I have given further extracts firom thia 
paper ip the Appoidix to Lecture in. 
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been asked how this heat was disposed of in the case of tbe 
condensed air. Pray listen to mj reply. Suppomng the 
vessel whidi contained the compressed air to be formed of 
a sabstance perfectly impervious to heat, Imd supposing all 
the heat developed by my arm, in compressing the air, to be 
retained within the vessel, that quantity of heat would be 
exactly competent to undo what I had done and to restore 
the compressed air to its original volume and temperature. 
But this vessel v (fig. 12), is not impervious to heat, and it 
was not my object to draw upon the heat developed by my 
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arm; I therefore, after condensing the air, allowed the 
vessel to rest, till all the. heat generated by the condensa-* 
tion had been* dissipated, and die temperature of the air 
Vithin and without the vessel was the same. When, there- 
fore, the air rushed out, it had not the heat to draw upon, 
which had been developed during compression. The heat 
from which it derived its elastic force was only sufficient 
to keep it at the temperature of the surrounding air. In 
doing its work a portion of this heat, equivalent to the 
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woA cbme, was bonsmned, and the issning air was oonse- 
quently chilled. - Do not be disheartened if this reasoning 
dionld not i^pear quite dear to yon. We are now in com- 
paratiye darlmess^ but as we proceed light will gradually 
appear, and irradiate retrospectiyely our present gloom. 

I wish, now to make evident to yon that heat is devel- 
oped by the compression of air. Here is a strong cylinder 
of ^ass T V (fig. 13)9 accnrately bored, and quite smooth 
within. Lito it this piston fits airtight, so that, by driving 
the -fisUm down, I can forcibly compress the air 
nndraneath it; and when the air is tiras com- ^^^ ' 
pressed, heat is suddenly generated. Let me 
prove this. I take a morsel of cotton wool, and 
wet it with this volatile liquid, the bisulphide of 
carbon. I throw this bit of wetted cotton into 
the glass syringe, and instantly eject it. It has 
left behind it a small residue of vapour. I com- 
press the air suddenly, and you see a flash of light 
within the syringe. The heat developed by the 
c(«q>re8sion has been sufficient to ignite the 
vapour. It is not necessary to eject the wetted 
cotton ; I replace it in the tuVe, and urge the pis- 
ton downwards ; you see the flash as before. If, 
with this narrow glass tube, I blow out the fumes 
generated by the combustion of the vapour, I can, 
without once removing the cotton from the syr- 
inge, repeat the experiment twenty times.* 

I have here arranged an experiment intended 
to give you another illustration of the thermal 
effect produced in air by its own mechanical ac- 
tion. Here is a tin tube, stopped at both ends, and con- 
nected with this ur-pump. The tin tube is at present full 
of air, and I bring the face of my pile up agfdnst the 

* The accident which led to this foim of the expeiiment is referred to 
m the i^pendix to this Leotnre. 
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oarved iorftoe of the tube. Hie inBtmment dedares that 
the face of the pile in contact with the tin tabe has been 
warmed by the latter. I was quite prepared for this result, 
having reason to know that the air within the tnl^ is 
slightly warmer than that withont. Now, what yon are to 
obsenre is this : — ^My assistant shall work the pump ; the 
cylinders of the machine will be emptied of air, and the mr 
within this tin tabe will be driven into the exhausted cyl- 
inders by its own elastic force. I have already demon- 
strated the chilling effect of a current of compressed air on 
^e thermo-electric pile. In the present experiment I will 
not examine the thermal condition of the current at all, but 
of the vessel in which the work has been performed. As 
this tube is exhausted I expect to Bee the needle, which is 
now deflected so considerably in the direction of heat, 
descend to Eero, and pass quite up to 90° in the direction 
of cold. The pump is now in action, and observe the re- 
sult. The needle falls as predicted, and its advance in the 
iirection of cold is only arrested by its concussion against 
the stops. 

Three strokes of the pump suffice to chill the tube so 
as to send the needle up to 90° ; ♦ let it now come to rest. 
It would require more time than we can afford tb allow the 
tube to assume the temperature of the air around it ; but 
the needle is now sensibly at rest at a good distance on 
the cold side of zero. I will now allow a quantity of air 
to enter the tube, equal to that which was removed from 
it a moment ago by tiie air-pump. I can turn on this cock, 
the air will enter, and each of its atoms will hit the inner 
surface of the tube like a projectile. The mechanical mo- 
tion of the atom will be thereby annihilated, but an«amount 

* The galvanometer used in this experiment "was that which I employ 
in my original researches: it is an exceedingly delicate one. Whenintro- 
dnoed in the lectures its dial was ilhiminated by the electric Hght; and an 
bnage of it, two feet in diameter, was projected on the screen. 
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of hestequvalentto thismotioii ^nllbeg^eratei Thus 
as the air enters it will develope an amount- of heat snffi- 
dent to re-warm the tube^ to mido the present deflection, 
and to send the needle up on the heat side of lero. The 
ur'is now entering, and you see the effect: the needle 
iQOves, and goes quite np to 90° on that side which indi- 
cates the heatmg the pile.* 

I have now to direct jonr attention to an interesting 
effect connected with this chilling of the lur by rarefaction. 
I place over the plate of the air ptimp a large glass receiver, 
which is now filled with the air of this room. This air, 
and, indeed, all air, unless it be dried artificially, contains 
a quantity of aqueous vapour which, as vapour, is perfecfiy 
invisible. A certain temperature is requisite to mMntAin 
the vapour in this invisible state, and if the air be chilled 
so as to bring it below this temperature, the vapour wfll 
instantiy condense, and form a visible cloud. Sudi a doud, 
which you wiU remember is not vapour^ but liquid toater 
in a state of fine division, will form within this glass vessel 
B (filg. 14), when the air is pumped out of it ; and to make 
this effect visible to everybody present, to those right and 
left of me, as weU as to those in front, these six littie gas 
jets 10*0 arranged in a semicircle, which half surrounds the 
receiver. Each person present sees one or more of these 

* In this experimeikt a mero line along the surface of the tube was in 
contact with the face of the pile, and the heat had to propagate itself 
tinron^ the tin enyelope to reach ^e instrument. PreTious to adopting 
tliia arrangement I had the tube pieroed, and a separate pne, with its naked 
&ce tam^ inwards, cemented air-tight into the orifice. The pile came 
HhoB into direct contact with tlie air, and its entire face was exposed to the 
action. The effects thus obtained were Tery lai^; sufficient, indeed, to 
swing the needle quite round. My desire to complicate the subject as little 
as possible induced me to abftndon the cemented pile, and to make use 
of the instrument with wUch my audience had already become familiar. 
With the arrangement actylly adopted the effects were, moreoTcr, so 
latge, that I drew only on a portion of my power to produce them. 
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nnexoited, I can bring within anyreqoired distanoe of each 
odier. When the current passes, these pieces of iron yir- 
taaHj form parts of the magnet. Between, them I will 
pbce a substance which the magnet, even when exerting 
its utmost power, is incompetent to attract. This substance 
is simply a piece of silver— in fact, a silver medaL I bring 
it dose to the ezdted magnet ; no attraction ensues. In- 
deed, what little /orce — and it is so little as to be utterly 
insensible in these experiments — the magnet really exerts 
upon the silver, is repulsive instead of attractive. 

Well, I suspend this medal between the poles p p of 
the magnet, and excite the latter. The medal hangs there'; 
it is neither attracted nor repelled, but if I seek to move it 
I encoxmter resistance. To turn the medal round I must 
overcome Hub resistance ; the silver moves as if it were 
surrounded by a viscous fluid. This curious eifect may also 
be rendered manifest, thus : I have here a rectangular plate 
of coi^>er, and if I cause it to pass quickly to and &o like 
a saw between the poles, when theur poiuts are turned 
towards it^ I s^m, though I can see nothing, to be sawing 
through a mass of cheese or buttet.* Nothing of this kind 
is noticed when tiie magnet is not active : the copper saw 
then encounters nothiug but the infinitesimal resistance of 
the air. Thus far you have been compelled to take my 
statemaits for granted, but I have arranged an experiment 
which will make this strange actbn of the magnet on the 
silver medal, strikingly manifest to everybody present. 

Above the suspended medal, and attache^ to it by a bit 
of wire, I have a little reflecting pyramid k, formed of four 
triangular pieces of looking-glass ; both the medal and tiie 
reflector are suspended by a thread which was twisted in 
itb mantifacture, and which wiU untwist itself when the 
weight it sustains is set free. I place our electric lamp so 

* • An experiment d'FBradaj's. 
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as to cast a strong beam of light on this little pyramid : 
you see these long spokes of light passing through the 
dusty sir of the room as the mirror turns. 

Let us start it from a state of rest. You now see the 
beam passing through the ro<mi and striking against the 
white walL As the mirror commences to rotate, the patch 
of light moves, at first slowly, over the wall and ceiling. 
But the motion quickens, and now you can no longer see 
the distinct patches of Ught, but instead of them you have 
this splendid luminous ba^d fully twenty fe^t in diameter 
drawn upon the wall by the quick rotation of thS reflected 
beams. At the word of command the magnet will be ex- 
cited, and the motion of the medal wiU be instantly 
stopped. ^Makel' See the effect: the medal seems 
struck dead by the excitement of the magnet, the band 
suddenly disappears, and there you have the single patch 
of light upon the walL This strange mechanical effect is 
produced without any yisible change in the space between 
the two poles. Observe the slight motion of the image on 
the wall : the tension of the string is struggling with an 
unseen antagonist and producing that slight motion. It is 
such as would be produced if the medal, instead of being 
surrounded by air, were immersed in a pot of thick trea- 
cle. I destroy the magnetic power, and the viscous charac- 
ter of the space between the poles instantly disappears ; the 
medal begins to twirl as before ; there are the revolving 
beams, and there is now the luminous band. I^igain ex- 
dte the magnet : the beams are struck motionless, and the 
band disappears. * 

By the force of my hand I can overcome this resistance 
and turn the medal round ; but to turn it I must expend* 
force. Where does that force go ? It is converted into 
heat. . The medal, if forcibly compelled to turn, will be- 
come heated. Many of you are acquainted with the grand 
discovery of Faraday, that electric currents are developed 
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-where a conductor of electricity is set in motion between 
the poles of a magnet. We have these currents doubtless 
here, and they are competent to heat the medaL But what 
are these currents ? how are they related to the space be- 
tween the magnetic poles — ^how to the force of my arm 
which is expended in their generation ? We do not yet 
know, but we shall know by and by. It does not in the 
least lessen the interest of the experiment if the force of 
my arm, previous to appearing as heat, appears in another 
form — ^in the form of electricity. The ultimate result is 
the same : the heat developed ultimately is the exact equiv- 
alent of the quantity of strength required to move the 
medal in the excited magnetic field. 

I wish now to show you the developement of heat by 
this action. I have here a solid metal cylinder, the core 
of which is, however, composed of a metal more easily 
melted than its outer case. The outer case is copper, and 
this is filled by a hard but fusible alloy. I set this cylinder 
upright between the conical poles p p (fig. 16) of the mag- 
Fig, le. 




net. A string s s passes from the cylinder to a whirUng 
table, and by turning the latter the cylinder is caused to 
spin round. It might turn till doomsday, as long fts the 
ma^et remains unexcited, without producing the effect 
sought ; but when the magnet is in action, I hope to be 
able to develope an amoimt of heat sufficient to melt the 
core of that cylinder, and, if successful, I will pour the 
liquid metal out before you. Two minutes will suffice for 
this experiment The cylinder is now rotating, and its 
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upper end is open« I shall leave it thns open until tHe ' 
liqtiid metal is seen spattering over the poles of the mag- 
net. I already see the metallic spray, though a minute has 
scarcely elapsed since the commencement of the experi- 
ment. I now stop the motion for a moment, and cork up 
the end of the cylinder, so as to prevent the scattering 
. about of the metal. Let the action continue for half a min- 
ute longer ; the entire mass of the core is, I am persuaded, 
now melted. I withdraw the cylinder, remove the cork, 
and here is the liquefied mass, which I thus pour out before 
you.* ... 

It is now time to consider more closely than we have 
hitherto done, the relation of the heat developed by me- 
chanical action to the force which produces it. Doubtless 
this relation floated in many minds before it received either 
distinct enunciation or experimental proof. Those who 
reflect on vital processes — on the changes which occur in 
the animal body — and the relation of the forces involved in 
food, to muscular force, are led naturally to entertain the 
idea of interdependence between these forces. It is^ there- 
fore, not a matter of surprise that the man who first nosed 
the idea of the equivalence between heat and mechanical 
energy to philosophic deamess in his own mind, was a 
physician. Dr. Mayer, of Heilbronn, in Germany, enund- 
ated the exact relation whidi subsists between heat and 
work, giving the number which is now known as the ' me- 
chanical equivalent of heat,' and following up the state- 
ment of the principle by its fearless application.t It is, 

* The developement of heat by caning a condactor to reyolve between 
the poles of a magnet was first effected by Mr. Joole (Phil. Mag. yqL xxilL 
8rd Series, year 1843, pp. 866 and 489), and his experiment was after- 
wards revivied in a striking form by M. Foucault. The artifice abore 
described, of fusing the core out of the cylinder, renders the experiment 
yery effective in the lecture-room. 

t See Lectures m. and XIL 
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however, to Mr. Joxde, of Manchester, that we are Slmost 
whofly indebted for the experimeTUal treatment of thia im- 
portant subject. Entirely independent of 'Mayer, with his 
mind firmly fixed npon a principle, and undismayed by the 
coolness with which his first labours appear to have been 
received, he persisted for years in his attempts to prove 
tiie invariability of the relaticui which subsists between 
heat and ordinary mechanical force. He placed water in a 
suitable vessel, and agitated that iifater by paddles, driven 
by measurable forces, and determined both the amount of 
heat, developed by the stirring of the liquid, and the 
amount of labour e^Q)ended in the process. He did the 
same with melrcury and with sperm oil. He also caused 
disks of cast iron to n;b against each other, and measured 
the heat produced by their friction, and the force expended 
in overcoming it. He also urged water through capillary 
tubes, and determined the amoimt of heat generated by the 
Motion of the liquid against the sides of the tubes. And 
the results of his experiments leave no shadow of doubt 
upon the mind that, under all circumstances, the quantity 
of heat generated by the same amount of force is fixed and 
invariable. A given amount of force, in causing the iron 
disks to rotate against each other, produced precisely the 
same amount of heat, as when it was applied to agitate 
water, mercury, or sperm oiL Of course, at the end of an 
experiment, the temperatfures in the respective cases would 
be very different ; that of the water, for example, would 
be jV^ of the temperature of the mercury, because, as we 
already know, the capacity of water for heat is SO times 
that of mercTuy. Mr. Joule took this into account in re- 
ducing his experiments, and found, as I have stated, that, 
however the temperatures nught differ, in consequence of 
the different capacity of heat for the substances employed, 
the abaolute amovnt ofheaJt generated by the same expend- 
iture of power, was in all cases the same. 
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In*this way it was found that the qnaittity of heat 
which would raise one pound of water one degree Fahr. in 
temperature^ is exactly equal to what would be generated 
if a pound weight^ after having fallen through a height of . 
772 feet, has its moving force destroyed by collision with 
the earth. Conversely, the amount of heat necessaryno 
raise a pound of water one degree in temperature, would^ 
if all applied mechanically, be competent to raise a pound 
weight 772 feet high, or it would raise 772 lbs. one foot 
high. The term ^ foot-pound ' has been intr<>duced to ex- 
press, in a convenient way, the lifting of one pound to the 
height of a foot. Thus the quantity of heat necessary to 
raise the temperature of a pound of water One degree being 
taken as a standard, 772 foot-pounds constitute what is 
called t?ie mechanical equivalent of heat. 

In order to imprint upon your minds the thermal effect 
produced by a body falling from a height, I will go through 
the experiment of allowing a lead ball to &11 from our 
ceiling upon this floor. The lead ball is at the present mo- 
ment slightly colder than the air of this room. I prove 
this by bringing it in contact with the thermo-electric pUe, 
and showing you that the deflection of the needle indicates 
cold. Here on the floor I have placed a slab of iron, on' 
which I intend the lead to faJly and which, you observe, is 
also cooler than the air of the room. At the top of the 
house I have an assistant, who will heave up the baU after 
I have attached it to this string. He wUl not touch the 
ball, nor wUl he allow it to touch anything else. He will 
now let it go ; it falls, and is received upon the plate of 
iron. The height is too small to get much heat by a single 
fall ; I will therefore have the ball drawn up and dropped 
three or four times in succession. Observe, there is a 
length of covered wire attached to the ball, by which I lift 
it, so that my hand never comes near the balL There is ' 
the fourth collision, and I think I may now examine the 
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tenq>erstnre of the lead. I place the ball, whioh at the 
oonunenGement was cold, agam upion the pile, and the im- 
mediate deflection of the needle in the opposite direction, 
declares that now the ball is heated ; this heat is due en- 
tirely to the destruction of the moving energy which the 
ball possessed when it struck the plate of iron. According 
to our theory, the common mechanical motion of the ball 
as a mass, has been transferred to the atoms of the mass, 
producing among them the agitation which we call heat. 

What was the total amount of heat thus generated ? 
The space fallen through by the ball in each experiment is 
twenty-six feet. The heat generated is proportional to the 
height through which the body falls. N'ow a ball of lead, 
in fiEdling tiirough 772 feet, would generate heat sufficient 
to raise its own temperature 30^, its ' capacity ' being ^th 
of that of water : hence, in falling through 26 feet, which is 
in round numbers -^ of 772, the heat generated would, if 
an concentrated in the lead, raise its temperature one de- 
gree. This is the amoimt*of heat generated by a single 
descent of the ball, and four times this amount would, of 
course, be generated by four descents. The heat generated 
is not, howerer, all concentrated in the ball ; it is divided 
between the ball and the iron on which it falls. 

It is needless to say, that if motion be imparted to a 
body by other means than gravity, the destruction of this 
motion tiao produces heat. A rifle bullet, when it strikes 
a target, is intensely heated. The mechanical equiyalent 
of heat enabliBS us to calculate with the utmost accuracy 
the amoimt of heat generated by the bullet, when its ve- 
locity is known. This is a point worthy of our attention, 
and in dealing with it I will address myself to those of my 
audience who are unacquainted even with the elements of 
mechanics. Everybody knows that the greater the height 
is from which a body falls, the greater is the force with 
which it strikes the earth, and that this is entirely due to 
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the greater Telodty imparted to the ball, in falling from the 
greater height. The velodty imparted to the body is not» 
however, proportional to the height from which it fSalla. 
If the height be augmented four-fold, the Telocity is aug- 
mented only two-fold ; if the height be augmented nine- 
fold, the velocity is augmented only three-fold ; if the 
height be augmented sixteen-fold, the velocity is augmented 
only four-fold; or, expressed generally, the height aug- 
ments in the same proportion as the square of the velocity. 

But the heat generated by the collision of the falling 
body increases simply as the height; consequently, the 
heat generated increaaSa as the square of the velocity. 

If, therefore, we double the velocity of a projectile, we 
.augment the heat generated, when its moving force is de- 
stroyed, four-fold ; if we treble its velocity, we augment the 
heat nine-fold ; if we quadruple the velocity, we augment 
the heat sixteen-fold ; and so on. 

The velocity imparted to a body by gravity in falling 
tiirough 772 feet is, in round numbers, 223 feet a second, 
that is to say, immediately before Ae body strikes the 
earth, this is its velocity. Six times this quantity or 1,338 
feet a second, Vould not be an inordinate velocity for a 
rifle bullet. 

But a rifle bullet, if formed of lead, moving at a ve- 
locity of 223 feet a second, would generate, on striking a 
target an amount of heat which, if concentrated in the bul- 
let, would raise its temperature 30*^ ; with 6 times this ve- 
locity it will generate 36 times this amount of heat ; hence 
36 times 30, or 1,080°, would represent the augmentation 
of temperature of a rifle ball on striking a target with a 
velocity of 1,338 feet a second, if all the heat generated 
were confined to the bullet itself. This amount of heat 
would be fiGU- more than sufficient to fuse the lead ; but in 
reality a portion only of the heat generated is lodged in the 
ball, the total amount being divided between it and the 
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target. Were the ball iron instead of lead, tlie beat gen- 
erated, nlider the conditions snpposed, would be competent 
to raise t3ie temperature of the ball only by about ^rd of 
1,080*^, because Ae capacity of iron for heat is about three 
times that of lead. 

From these considerations I think it is manifest that if 
we^pw the velodty and weight of any projectile, we can 
calculate, with ease, the amount of heat deyeloped by the 
destruction of its moving force. For example, knowing, 
as we do, the weight of the earth, and the velocity with 
Which it moves through space, a simple calculation would 
enable ns to determine the exact amount of heat which 
would be developed, supposing the earth to be stopped in 
her orbit. We could tell, for example, the number of de- 
grees which this amoimt of heat would impart to a globe 
of water equal to the earth in size. Mayer and Helmholtz 
have made this calculation, and found that the quantity of 
heat generated by this colossal shock would be quite suffi- 
cient, not only to fuse the entire earth, but to reduce it, in 
great part, to vapour. "Hius, by the simple stoppage of 
the earth in its orbit * the elements ' might be caused ' to 
melt with fervent heat.* The amount of heat thus devel- 
oped would be equal to that derived from the combustion 
of fourteen globes of coal, each equal to the earth in mag- 
nitude.' And^ after the stoppage of its motion, the earth 
should fall into the sun, as it assuredly would, the amount 
of heat generated by the blow would be equal to that de- 
veloped by the combustion of 5,000 worlds of solid carbon. 

Knowledge, such as that which you now possess, has 
caused philosophers, in speculating on the mode in which 
the sun is nourished, and his supply of light and heat kept 
hp, to suppose the heat and light to be caused by the 
showering down of meteoric matter upon the sun's sur- 
face.* Some philosophers suppose the Zodiacal Light to 

* Kayer propounded this hypothess in 1848, and worked it fiilly out 
8* 
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be a doad of meteorites, and from it, it is imagined, the 
showering meteoric matter may be derived. Now, what- 
ever be the value of this speculation, it is to be borne in 
mind that tbe pouring down of meteoric matter, in the 
way indicated, would be competent to produce the light 
and heat of the sun. With regard to the probable trutii or 
fallacy of the theory, it is not necessary that 1 6hou^^|ffer 
an opinion ; I would only say that the theory deals ^fth a 
cause which, if in sufficient operation, would be compet^it 
to produce the effects ascribed to it. 

Let me now pass from the sun to something less, — ^in 
&ct,'to the opposite pole of nature. And here that divine 
power of the human intellect which annihilates mere mag- 
nitude in its dealings with lanoy comes conspicuously into 
play. Our reasoning applies not only to suns and planets, 
but equally so to the very ultimate atoms of which matter 
is composed. Most of you know the scientific history pf 
the diamond, that Newton, antedating intellectually the 
discoveries of modem chemistry, pronounced it to be an 
unctuous or combustible substance. Everybody now 
knows that this brilliant gem is composed of the same 
substance as common charcoal, graphite, or plumbago. A 
diamond is pure carbon, and carbon bums in.ozygen. I 
have here a diamond, held fast in a loop of platinum wire ; 
I will heat the gem to redness in tins ^ne, and th^i 
pluiige it into this jar, which contains oxygen gas. See 
how it brightens on entering the jar of oxygen, and now it 
glows, like a little terrestrial star, with a pure white light. 
How are w6 to figure the action here going on ? Exactly 
as you would present to your minds the conception of me- 
teorites showering down upon the sun. The conceptions 

It was afterwards eiranciated independently by Mr. Waterston, and devel- 
oped bj Professor William Thomson (Transactions of the Bojal Soc. of 
Edinb., 1868). See Lecture XH * 



THBOBY (Xf OOMBUffnOK. 69 

are, in quality, tiiie same, and ta the intellect the one is 
not more diffioult than the other. Yon are to figure the 
atoms of oxygen showering against this diamond on ail 
sides. Th^ are urged towards it by what is called chemi- 
cal affinity, but this force, made dear, presents itself to the 
mind as pure attraction, of the same mechanical quality, if 
I nuty use the term, as gravity. Every oxygen atom, as it 
strikes the surface, and has its motion of translation de- 
stroyed by its collision with the carbon, assumes the motion 
whidi we call heat : and this heat is so intense, the attrao- 
ticms exerted at these molecular distances are so mighty, 
that the crystal is kept white-hot, and the compound, 
formed by the union of its atoms with those of the oxy- 
gen, flies away as carbonic add gas. 

Let us now pass on from the diamond to ordinary 
flame. I have here a burner from which I can. obtain an 
ignited jet of gas. Here is the flame : what is its constitu- 
tion ? Within the. flame we have a core of pure unbumt 
gas, and outside the flame we have the oxygen of the air. 
The external surface of the core of gas is in contact with 
the air, and here it is that the atoms clash together and 
produce light and heat by their collision. But the exact 
constitution of the flame is worthy of our special attention, 
and for our knowledge of this we are indebted to one of 
Davy's most beautiful investigations. Coal-gas is what we 
call a hydro-carbon ; it consists of carbon and hydrogen in 
• a state of chemical union. From this transparent gas es- 
cape the soot and lampblack which we notice when the 
^combustion of the gas is incomplete. Soot and lampblack 
are there now, but they are compounded with other sub- 
stances to a transparent form.-' Here, then, we have a sur- 
face of this compound gas, in presence of the oxygen of 
our air ; we apply heat, and the attractions are instantly 
so intensified that the gas bursts into flame. The oxygen 
has a choice of two partners, or, if you like, it is in the 
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presence of two foes ; it closes with that which it likes 
best, or Hates most heartily, as the case may be. It first 
doses with the hydrogen, and sets the carbon free. Solid 
particles of carbon thus scattered in numbers innmnerable 
in the midst 6f burning matter, are raised to a state of in- 
tense incandescence ; they become white-hot, and mainly to 
them the Ught of our lamps is due. The carbon, however, 
in due time, closes with the oxygen, and becomes, or ought 
to become, carbonic acid ; but in passing from the hydro- 
gen with which it was first combined, to the oxygen, with 

which it -enters into final union, 
it exists, for a time, in the sin- 
gle state, and, as a bachelor, it 
gives us all the splendour of its 
Hght. 

The combustion of a cimdle 
is in principle the same as that 
of a jet of gas. Here you have 
a rod of wax or tallow (fig. 17), 
through which is passed the 
cotton wick. You ignite the 
wick; it bums, melts the tal- 
low at its base, the Uquid as- 
cends through the wick by cap- 
illary attraction,, it is converted by the heat into vapour, 
and this vapour is a hydro-carbon, which bums exactly like 
the gas. Here also you have unbumt vapour within, com- • 
mon air without, while between both is a shell which 
forms the battle-ground of the clashing atoms, where they 
develope their light and heat. There is hardly anything in 
nature more beautiful than a burning candle ; the hollow 
basin partially filled with melted matter at the base of the 
wick, the creeping up of the liquid ; its vaporisation ; the 
stracture of the flame ; its shape, tapering to a point, while 
converging air-currents rush in to supply its needs. Its 
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beauty, its brightnesB, its mobility, have made it a favour- 
ite type of spiritual essenoes, and its dissection by Davy, 
far from diminishing the pleasure with which we look 
upon a flame, has rendered it more than ever a miracle of 
beaaty to liie enlightened mind. 

Yon onght. now to be able to piotnre clearly before 
your minds the struotore of a candle-flame- Yon onght to 
see the nnbnmt core within and the boming shell which 
envelopes this core. From the core, through this sheU, 
the eonstitnoits of the dftndle are incessantly passing and 
escaping to the snrroonding ur. In the case of a candle 
yon have a hollow cone of burning matter. Imagine this 
obne out across horixcmtally ; you wcmld then expose a 
buEoing ring. I will practically cut the flame of a cand|e 
tims across. I have here a piece of white paper, which 1 
will bring down upon the candle ; pressing it down upon 
tlie flame until it almost touches the wick. Observe the 
upper surface of that paper; it becomes charred, but how? 
Exactly in correspondence with the burning ring of the 
candle, we have a diarred ring upon the paper (flg. 18). 

Fig.ia 




I might operate in the same manibr with a jet of gas. I 
will do so. Here is the ring which it produces. Within 
the ring, you see, there is no charring of the paper, for at 
this place the unbumt vapour of the candle, or the unbumt 
gas of the jet, impinges against the surface, and no charring 
can be produced. 

To the existence, then, of solid carbon particles the 
light of our lamps is mainly due. But the existence of 
these particles, in the single state, implies the absence of 
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ozjgen to seize hold of them. If^ at the moment of th^ 
liberation from the hydrogen with which they are first 
'combined, oxygen were present to seize upon them, their 
state of bachelorhood would be extinguished, and we should 
no longer have their light. Thus, when we mix a sufiScient 
quantity of air with the gas issuing from a jet, when we 
mix it so that, the oxygen penetrates to the very heart of 
the jet, we find the light destroyed. Here is a burner, in- 
vented by Prof. Bunsen, for the express purpose of destroy- 
ing the light by causing the quiA: combustion of the car- 
bon particles. The burner from which the gas escj^s is 
introduced into a tube ; this tube is perforated nearly on a 
level with the gas orifice, and through these perforations 
the air enters, mingles with the gas, and the mixture issues 
from the top of the tube. Fig. 19 rep^e- 
^^- ^*- sents a form of this burner ; the gas is dis- 

^^ Bfr diarged into the perforated chamber a, 

^y I where air mingles T^th it, and both ascend 

I Ae tube a b together : e? is a rose-burner, 

I which may be used to vary the eha^e of 

I the flame. I ignite the mixture, but the 

_lM^ flame produces hardly any light. Heat is 
^m^^ the thing here aimed at, and this lightless 
flame is much hotter than the ordinary 
flame, because the combustion is much quicker, and there- 
fore more intense. K I stop the orifices in a I cut off the 
supply of air, and thei^ame at once becomes luminous : 
we have now the ordinary case of a core of unbnmt gas 
surrounded by a burning ^eU. The illominating power of 
a gas may, in fact, be estimated by the quantity of air 
necessary to prevent the precipitation of the solid carbon 
particles ; the richer the gas, the more air will be required 
to produce this effect. 

An interesting observation may be made on almost any 
windy Saturday evening in the streets of London, on the 
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sodden, and almost total eztmoti<m of the light of the huge 
gas jets, exposed ddefly in butGhers' shops. When tbe 
wind blows, the oxygen is carried mechanicaQj to the very 
heart of the flame, and the white light instantly yanishes 
iJb a pale and ghastly blue. During festive illmnioations 
the same effect may be observed ; the absence of the light 
bek^ due, as in the case of Bmisen's burner, to the pres- 
ence of a snfSci^it amount of oxygen to consmne, instant- 
ly, the earbon of the flame. 

To determine the influence of height upon the rate of 
combustion, was one of the problems which I had set be- 
fore me, in my journey to the Alps in 1859. Fortunately 
for sdence, I invited Dr. Frankland to accompany me on 
the occadon, and to undertake the experiments on combus- 
tion, while I proposed devoting myself to observations on 
solar radli^on. Hie plan pursued^ was this : six candles 
were ]^urchased at Chamouni and carefully weighed ; they 
were then allowed .to bum for an hour in the Hotel de 
lITnion, and the loss of weight was determined. Hie same 
candles were taken to the summit of Mont Blanc, and on 
the morning of Aug. 21, were allowed to bum fot an hour 
in a tent, which perfectly sheltered them firom the action 
of the wind. Hie aspect of the six flames at the summit 
surprised us both. Thciy seemed the mere"" ghosts of the 
flames which the same candles were competent to produce 
m the valley of Chamouni— pale, smalV feeble, and sug- 
gesting to us a greatly diminished energy of combustion. 
The candles being carefully weighed on our return, the un- 
expected fsct was revealed, that the quantity of stearine 
consumed ^bove was almost precisely the same as that 
consumed below. Thus, though the light-giving power of 
the flame iTas diminished in ah extraordinary degree by 
the elevation, the energy of the combustion was the same 
above as it was below. This curious result is to be ascribed 
mainly to the mobility of the air at this great height. The 
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particles of oxygen eoidd penetrate the flame with wan^ 
paratire freedom, thns destroying its light, and making 
atonement for the smallness of their nmnber by the prompt- 
ness of their action. 

Dr. Franldand has made these experiments the basis 
of a most interesting memoir.* He shows that the qnan- 
tity of a candle consmned in a given tune is, within wide 
Hmits, independent of the density of the air ; and tlie rea- 
son is, that although by compressing the air we augment 
the nmnber of active particles in contact with the flame, 
we almost, in the same degree, diminish their mobility, and 
retard their combustion. When an excess of air, moreover, 
surrounds the flame, its chilling efiect will tend to prolong 
the existence of the carbon particles in a solid form, and 
even to prevent their flnal combustion. One of the beauti- 
ful experimental results of Dr. FranMand's investigation 
is, that by condensing the sir around it, the pale and 
smokeless flame of a spirit lamp may be rendered as bright 
as that of coal gas, and, by pushing the condensation su£B- 
ciently far, the flame may actually be rendered smoky, the 
sluggish oxygen present being incompetent to effect the 
complete combustion of the carbon. 

But to return to our theory of combustion : it is to the 
clashing together of the oxygen of the air and the constitrf- 
ents of our gas and candles, that the light and heat of 
our flames are due. I scatter steel filings in this flame, and 
you see the star-like scintillations produced by the com* 
bustion of the steeL Here the steel ip first heated, till the 
attraction between it and the oxygen becomes sufficiently 
strong to cause them to combine, and' these rocket-like 
flashes are the result of their collision. It is the impact 
of the atoms of oxygen against the atoms of sulphur which 
produces the flame observed when sulphur is burned in 

* PhilosophicaljrranBactiona for 1861. 
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oxygen or in air; to the collision of tJie same atoms 
against phosphoros are due the intense heat and dazding 
light which result from the combustion of phosphoms in 
oxygen gas. It is the collision of chlorine and antimony 
^vrhich produces the light and heat observed where these 
bodies are mixed together ; and it is the clashing of sul- 
phur and copper which causes the incandescence of the 
mass when these substances are heated together in a Flo- 
rence flask. Iji short, all cases of combustion are tp be as- 
cribed to the collision of atoms which have been urged to* 
gether by their mutual attractions. 
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EXTRACTS FBOM THE TWENTIETH APH0BI8H OF THE BECONB 
BOOK OF THE » NOVUM OBQANUM.* 

When I say of motion that it is the genus of which heat is a 
species, I would be understood to mean, not that heat generates 
motion, or that motion generates heat (though both are true in 
certain cases), but that heat itself, its essence and quiddity, is 
motion, and nothing else ; limited, however, by the specific differ- 
ences which I will presently subjoin, as soon as I have added a 
few pautions, for the sake of avoiding ambiguity. . . . 

Nor, again, must the communication of heat, or its trandtive 
nature, by means of which a body becomes hot when a hot body 
is applied to it, be confounded with the form of heat. For heat 
is one thing, and heating is another. Heat is produced hf the 
motion of attrition without any preceding heat. ... 

Heat is an expansive motion, whereby a body strives to dilate 
andlstretdi itself to a larger s^^ere or dimension than it had pre- 
viously occupied. This difference is most observable in flame, 
where the smoke or thick vapour manifsstly dilates and expands 
into flame: 

It is shown also in all boiling liquid, which manifestly swells, 
rises, and bubbles, and carries on die process of self-expansion, 
till it turns into a body far more extended and dilated than the 
liquid itself^ namely, into vapour, smoke, or air. 

♦ * ♦ 4( ♦ ♦ ♦ 

The third specific difference is this, that heat is a motion of 
expansion, not uniformly of the whole body together, but in the 
smaller parts of it ; and at the same time cheeked, repelled, and 
beaten back, so that the body acquires a motion alternative, per- 
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petoaOy qxiivetu^, stmiBg and strnggUiig, and initated by le- 
percoflBion, whence springs the fuxy of fire and heat. 

Again, it is shown in this that when the air is expanded in a 
calender glass, without impediment or repulsion, that is to say, 
unifornily and equably, there is no perceptible heat. Also, when 
wind escspea from confinement, although it bursts forth with^e 
greatest yiolence, there is no very great heat perceptible ; because 
the motion is of the whole, without a motion alternating in the 
particles. 

And this q>edfic difference is common also to the nature of 
cold ; for in cold oontractiTe motion is checked by a resisting 
tendency to expand, just as in heat the expansive action is checked 
by a resisting tendency to contract Thus whether the particles 
of a body work inward or outward, the' mode pf action is the 



Kow from this our first vintage it follows, that the form dr 
tame definition of heat (heat that is in relation to the uniyeree, not 
simply in relation to man) is in a few words as follows : Beat is 
a vmUotIj expanmey restrained^ and cteting in iU itrife ttpan the 
unaMer partides of dodiee. But the expansion is thus modified : 
wkiU U expandi aU waySy it has ai the same time an indinatum up- 
coords. And the struggle m the particles is modified also ; it i$ 
not duggish, hit hurried and wJth violence,* 



ABSTfiACt OP COUNT BUMFOBD^S ESSAY, ENTITLKD *AN ENQUIRY 
CONGEBNINe THE SOUBOE OF THE HEAT WHICH IS EXCITED BY 
. FBICTIOH.* 

[Bead h^on the Boyal Soddy, Jcmnary 25, 1798.] 

Being engaged in superintending the boring of cannon in the 
workshops of the military arsenal at Munich, Count Rumford was 
struck with the very considerable d^ree of heat which a brass 
gun acquires, in a short time, in being bored, and with the still 
more iut^ise heat (much greater than that of boiling water) of 

* Bacon's Works, Yof iv. : Spedding's TransliUion. 
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tiie metallio chipe eeparated fi!om it by the borer, he proposed to 
himself the following questions : 

* Wh^ice comes the heat actually produced in the mechanical 
operation aboye mentioned ? 

' Is it fbmished by the metallic chips which are separated from 
the metal 9 ' 

If tiiis were tlie case, then the eapaeUfff&r heat of the parte of 
the metal so reduced to chips ought not only to be*changed, bat 
the change undergone by them should be soffidentiy great to ao- 
count for aU the heat j^oduced. No such change, howcTer, had 
taken plaoe ; for the chips were found to have the same capacity 
as stices of the same metal cut by a fine saw, where heating was 
avoided. Hence, it is evident that the heat produced could not 
possibly have been fimnshed at the expense of the latent heat of 
the metallic chips. Rumford describes those experiments at leng^ 
and they are conclusiTe. 

He tiiien designed a cylinder for the express purpose of gener- 
ating heat by Motion, by haying a blunt borer forced against its * 
solid bottom, wliile the cylind^ was turned round its axis by the 
force of horses. To measure the heat developed, a small round 
hole was bored in the cylinder for the purpose of introducing a 
small mercurial tiiennometer. The weight of the cylinder was 
118.18 lbs. ayoirdupois. 

The borer was a flat piece of hardened steel, 0*68 of an inch 
thick, 4 inches long, and neatly as wide as the cavity of the bore 
of the cylinder, namely, 8} inches. The area of the sur&ce by 
which ite end was in contact with the bottom of the bore was 
nearly 3^ inches. ' At the beginning of the experiment the tem- 
perature of the air in the shade and also that of the <r^linder 
was 00 degrees Fahr. At the end of 80 minutes, and after the 
<r^linder had made 960 revolutions round its axis, the temperature 
was found to be 180 degrees. 

Having taken away the borer, he now removed the metallic 
dust, or rather scaly matter, which had been detached from the 
bottom of. the cylinder by the blunt steel borer, and found ite 
weight to be 887 grains troy. * Is it possible,' he exclaims, ^ that 
the very considerable quantity of heat produced in this experi- 
ment— ^ quantity which actually raised the temperature of above 
118 poimds of gmi metfd at least 70 degrees of Fahrenheit's tdier- 
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momrter— could haye been fcmiidied by so incondderableft qxtan- 
Utj of metallic dust, and this merely in consequence of a change 
in ita capacity for heat 9 / 

' But without inwflting on the improbability of thia Bnppoei- 
tion, we have only to reooUect that from the resalte of actual and 
decifiiTe experiments, made for the express purpose of ascotaining 
that £ict, the capacity for heat of the metal of which great guns 
are cast is not 9enmti(/y changed by being reduced to the form of 
metallic chips, and there does not seem to be any reason to think 
that it can b^mnch changed, if it be changed at all, in being re- 
duced to much smaller pieces by a borer which is less shaip.' 

He next surrounded his cylinder by an oblong deal box, in 
such a manner that the cylinder could turn water-tight in the cen- 
tre of the box, while the borer was pressed against the bottom of 
the cylinder. The box was filled with water until the entire cjh 
inder waa coyered, and then the apparatus was set in action* 
The temperature of the water on commencing was 60 degrees. 

* The result of this beautlM experiment,' writes Bumfozd, 
' waa yery striking, and the pleasure it afforded me amply.repaid 
me for all the trouble I had had in contriying and airanging the 
complicated machinery used in making it. The cylinder had 
been in motion but a short time, when I peroeiyed, by putting my 
hand into the water, and touching the outside of the cylinder, 
that heat was gena^ted. 

< At the ^d of an hour the fluid, which weighed 18*77 lbs., or 
^ gallons, had its temperature raised 47 degrees, being now 107 
degrees. 

* In thirty minutes more, or one hour and thirty minutes after 
the machinery had been set in motion, the heat of the water was 
142d^rrees. 

< At the end of two hours from the beginning, the temperature 
was 178 d^^rees. 

* At two hours and twenty minutes it was 200 d^^rees, and at 
two hours and thirty minutes it actually boiled 1 ' 

It is in reference to this experiment that Rumford made the 
remarks regarding the surprise of the bystanders, which I haye 
quoted in Lecture L 

He then carefully estimates the quantity of heat possessed by 
each portion of his apparatus at the conclusion of the ex^^Briment, 
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and adding aQ together, finds a total sufficient to raise a««8 Iba 
of kjeHsoId water to its boiling point, or through 180 degroea Pah- 
renhdt By careftd calculation, he finds this heat equal to that 
pTen out by the combustion of 2808-8 grains (= 4-« ©a. trovl 
of wax. ■'■' 

He then determines the ^edarity^ with which the heat was 
generated, summing iq> his computations thus: 'From the results 
of these computations, it appears that the quantity of heat pro- 
duced equably, or in a continuous stream, if I may use the explo- 
sion, by the friction of the blunt steel borer against the bottom 
of the hoUow metallio cylinder, was gnater than that produced in 
the combustion of nine warn eomdU*, each f of an inch in diameter 
all burning together with dear bright fiames.' ' 

'One horse would have been equal to the work peflRwmed. 
though two wen actuaUy employed. Heat may thus be produced 
merely by the strength of a horse, and, in a case of necessity, tiiis 
heat nught be used in cooking Tictuals. But no dreumstancw 
oould be imagined in which this method of procuring heat would 
be wlyantageous ; for more heat might be obtained by using the 
fodder necessary for the support of a horse as fuel' 

[This fa an extremely significant passage, intimating as it 

h™^ t! ^rs°"i ""^ '^'^'^ *** *^« f""* «f "^ais ^ do- 

n«d^m the food ; no crmtim vff<^ taking place in the ani- 

' By meditating on the results of all these experiments we ar« 
naturaHy brought to that great question which has so often been 
tue subject of speculation among philosophers, namely, What is 
heat-M thereanysnch thing asan ignetm, fluid? Isthereany 
thingthat, with propriety, can be caUed caloric t ' 

h« .J£J*r T^. * ^^'y considerable quantity of heat may 
be exorted by the fhction of two metallic surfeces, and giyen off 
in a constent stream or flux «» «B direcU^ without interruption 
or mtenmsBion, and without any signs oidtminiOwn or e>ihcmti<m. 
toi^oning on tMs subject we must not forget that moa rmu^h- 
aUeetrmmtan^, that the source of the heat generated by Motion 
m Oiese experiments appeared cyidently to be in^Oauttm. (The 
iWics are Rmnford's.) It is hardly necessary to add, that any- 
ttung wtach any imOated body or system of bodies can continue 
to ftarnA mthota Umiuaim cannot possibly be a material »ub- 
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wtanee; and jt appears to me to be estremely difficult, if not 
quite impossible, to fonn ai^ distiQct idea of anything capable 
of being excited and communicated in those experiments, except 
it be MOT^OK. 

Whrai the history of the dynamical theory of heat is. written, 
tiie man who, in opposition to the scientific belief of his time, 
conld experiment and reason upon experiment, as Rumford did in 
the investigation here referred to, cannot be lightly passed oyer. 
Hardly anything more powerM against the materiality of heat 
has been since adduced, hardly anything more condnsiye in the 
way of establishing that heat is what Bomford considered it to 
li^ Motion, 



ON THE OOMPSESSION OF AIB GOirrAININa 3ISX7LPHIDE 
OF OAEBON VAPOUB. 

'A yery singular phenomenon was repeatedly observed daring 
&e experiments with bisulphide of carbon. After determining 
the absorption of the vapour, the tube was exhausted as perfectly 
as possible, the trace of vapour left behind being exceedingly 
minute. Dry air was then admitted to cleanse the tube. On 
again exhausting, after the first few strokes of the pump, a jar 
was felt and a kind of explosion heard, while dense volumes of 
blue smoke immediately issued bom. the pump cylinders. The 
action was confined to the latter, and never propagated itself 
backwards into the experimental tube. * 

* It is only with bisulphide of carbon that this effect has been 
observed. It may, I think, be explained in the following man- 
ner : — ^To open the valve of the piston, the gas beneath it must 
have a certain tension, and the compression necessary to produce 
this appears sufficient to cause the combination of the constituents 
of the bisulphide of carbon with the oxygen of the air. Such a 
combination certainly takes place, for the odour of sulphurous 
add is unmistakeable amid the fames. 

' To test this idea I tried the effect of compression in the air 
syringe. A bit of tow or cotton wool moistened with bisulphide 
of carbon, and placed in the syringe, emitted a bright flash when 
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the air was compressed. By blowing out the fhmes with a gUsi 
tube, this experiment may be repeated twen^ times with the same 
bit of cotton. 

*' It is not necessary CTen to let the moistened cotton remain in 
the syringe. If the bit of tow or cotton be thrown into it, and 
out again as quickly as it can be ejected, on compressing the air 
the luminous flash is seen. Pure oxygen produces a brighter flash 
than atmospheric air. These £icts are in harmony with the abot^ 
explanation.'* 

• FhiL Trans., 1861 ; FhiL Mag,, Sept 186L 



LECTURE in. 

[February 6, 1862.] 

KXPAKBIOH: THB solid, UQUID, AHD QASXOUS rOKXB 0» MATTIB— HTPO- 
THISI8 BEOABDIHO THB OOHSTITUTIOH OV 01818— 00I7FICIXMT OV KX- 
FASnOS— BEAT DCPAXTBD TO A QA8 UHDKB 0ON8TABT PBUBUSI-^HKAT 
IM7ABIID fO A GAB AX 0QH8TAHT TOLUIO — MATIE*8 OAXCULAnOH OV 
TBI mCBAVIOlAL IQUrTALIRT OV HBAT — ^DILATATIOM OV OASIS WITHOUT 
BXnuaXBAIIOH— AB80LUT1 UBO OV TBMFBSATVBI — IXPAX8I0V OV LI- 
QIIIDB AND BOUDB: AH01IAI.0I7S DEPOBTMIHT OV WATXft AHD BISMUTH 

^IHlBfiT OV THB 70B0B OB 0BT8TALLIXAT10H — THBBXAL IffKOT OB 

BTBBTCHniCI WIBBB— AROKALOUB DBPOBTKBBT OV IHDIA-BUBBBB. 

▲PPKXDIX :^-AIH>ITIOVAL DATA COHOBBiriNO EXPAKSIOB— BXT&ACT8 BBOM 
BIB B. DATT's riBST 8CIBBTIFIC XBXOIB: lUSIOH OF lOB BT FBIOnOB, &0, 

TOUR reappearance here to-day, after the stnun which 
has abeady been put upon yonr attention, encourages 
me to hope that our pre^ent experiment wiU not be entirely 
imsiiccessfaL I need not tell an audience like this that 
nothing intellectually great is either accomplished or ap- 
propriated without effort. Newton ascribed the di£forence 
l>etween himself and other men to his patience in steadily 
looking at a question, until light dawned upon it, and if we 
have firmness to imitate his example, we shall, no doubt, 
re^ a commensurate reward. 

In our first lecturePl permitted a sledge-hammer to de- 
scend upon a mass of lead, and we found that the lead be- 
came heated, as soon as the mechanical motion of the ham- 
mer was'arrested. Formerly it was assumed that the force 
4 
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of the hammer tiras simply lost by the concnssioiL In elasi 
tic bodies it was supposed that a portion of the force was 
restored by the elasticity of the body, which caused the 
descending mass to rebound ; but in tbe collision of inelas- 
tic bodies it was taken for granted that the force of impact 
was lost. This, according to our present notions, was a 
fundamental mistake ; we now admit no loss, but assume, 
that when the motion of the descending hammer ceases, it 
is simply Iei case of transference^ instead of annihilation. 
The motion of the mass, as a whole, has been transformed 
into a motion of the molecules of the mass. This motion 
of heat, however, though intense, is executed within limits 
too minute, and the moving particles are too small, to be 
visible. To discern these processes we must make use of 
a finer eye and higher powers, namely, the eye and powers 
of the mind. In the case of solid bodies, then, while the 
force of cohesion still holds the particles together, yon 
must conceive a power of vibration, within certain limits, 
to be possessed by the particles. You must suppose them 
oscillating to and fro across their positions of rest ; fmd 
the greater the amount of heat we impart to the body, or 
the greater the amount of mechanical action which we in- 
vest in it by percussion, compression, or friction, the more 
intense will be the molecular vibration, and the wider the 
amplitude of the atomic oscillations. 

Now, nothing is more natural than, that particles thus 
vibrating, and ever as it were seeking wider room, should 
urge each other apart, and thus cause the body of whidi 
they are the constituents, to expand in volume. This, in 
general, is the consequence of imparting heat to bodies- 
expansion of volume. We shall i^osely consider the few 
apparent exceptions to this kw by and by. By the force 
of cohesion, then, the particles are held together ; by the 
force of heat they are pushed asunder : here arc^ the two 
antagonist principles on which the molecular aggregation 
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of the body depends. Let ns suppose the cominimication 
of heat to continue ; every increment of heat pushes the 
particles more widely apart ; but the force of cohesion, like 
a& other known forces, acts more and more feebly, as the 
distance between the particles which are the seat of the 
force is augmented. As, therefore, the heat strengtJiens, 
its (opponent grows weak, until, finally, the particles are so 
&r loosed from the rigid thrall of cohesion, that they Bie 
at liberty, not only to yibrate to and fro across a ^ed po- 
sition, but also to roll or glide around each other. Cohesion 
is not yet destroyed, but it is so far modified, that while the 
particles still offer resistance to being torn directly iisunder, 
their lateral mobility over each other's surfaces is secured. 
This is the Uqmd condition of matter. 

In the interior of a mass of liquid the motion of every 
atom is controlled by the atoms wMch surround it. But 
suppose you develope heat of sufficient power within the 
body of a liquid, what occurs ? Why, the particles break 
the last fetters of cohesion, and fly asunder to form bubbles 
of vapour. If one of the surfaces of the liquid be quite 
free, that is to say, uncontrolled either by a liquid or solid ; 
it is quite easy to conceive that some of the vibrating su- 
perficial particles will be jerked quite away from the liquid, 
and will fly with a certain velocity through space. Thus 
freed from the ii\fiuence ofeohesiony we have matter in the 
vcq)orcus or gaseous form. 

My object here is to familiarize your minds with the 
generid conceptionof atomic motion. I have q>oken of the 
vibration of the particles of a solid as causing its expjan- 
eion ; the particles have been thought by some to revolve 
round eadi other, and the communication of heat, by aug- 
mentiing the centrifugal force of the particles, was supposed 
to push them more widely asunder. I have here a weight 
attached to a spiral spring ; if I twirl the weight roxmd in 
the Mr it tends to fly away from me, the spring stretches to 
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a certain extent, and as I angment the speed of revolntiooi, 
the spring stretches still more, the distance between my 
hand and the weight bdng thus angmented. It has been 
thought that the augmentation of the distance between a 
body's atoms by heat, may be also due to a reYoIation of 
its particles. And imagine the motion to continue till the 
spring snaps ; the ball attached to it would fly off along a 
tangent to its former orbit, and thus represent an atom 
freed, by heat, from the force of cohesion, which b md^ 
represented by our spring. The ideas of the most weU- 
informed philosophers are as yet uncertain regarding the 
exact nature of the motion of heat ; but the great point, 
at present, is to regard it as motion of some kind, leaving 
its more precise character to be dealt with in future inyes- 
tigations. 

We might extend the notion of revolving atoms to 
gases also, and deduce their phenomena from a motion of 
this kind. But I have just thrown out an idea regardmg 
gaseous particles, which is at present very ably main- 
tained:* the idea, namely, that such particles fly in 
straight lines through space. Everybody must hare re- 
marked how quickly the perfume of an odorous body fflb 
a room, and this fact harmonizes with the idea of the di- 
rect projection of the partides. But it may be proved^ 
that if the theory of rectilinear motion be true, the parti- 
cles must move at the rate of several hundred feet a sec- 
ond. Hence it might be objected that, according to the 
above hypothesis, odours ought to spread miich more 
quickly Uian they are observed to do. 

The answer to this objection is, that they have to make 
their way through a crowd of air particles, with whidu 
they come into incessant collision. On an average, th«l 

* By Joule, Eronig, HaxweQ ; and, in a series of extremely able ptpen^ 
byOannoB. 
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Ssbmce throtigh which an odorons particle can trayel in 
common air, without strikuig against a particle of air, is 
infinitesimal, and hence the propagation of a perfume 
throng air is enormously retarded by the air itself. It is 
well known that when a free communication is opened be- 
tween the surface of a liquid and a yacumn, the vacuous 
space ia much more speedily filled to saturation with the 
Tapour of the liquid, than when air is present. 

According ito this hypothesis, then, we are to figure a 
gaseous body as one whoiie pie^cles are fiying in straight 
lines through space, impinging like little projectiles upon 
each other, and striking against the boundaries of the space 
which they occupy. Mr. Anderson will place this bladder, 
half filled with air, under the receiver of the air-pump ; he 
will now work the pump, and remove the air that surrounds 
the bladder. The bladder swells ; the air within it appears 
quite to fill it) so as to remove all its folds and creases. 
How is this expansion of the bladder produced ? Accord-* 
ing to our present theory, it is produced by the shooting 
of atomic projectiles against its interior surface, which 
drive the envel<^ outwards, until its tension is able to 
cope with their force. When air is admitted into the re- 
ceiver, the bladder shrivels up to its former size ; and here 
we must figure the disdiarge of the air particles against the 
outer surface of the bladder, which drive the envelope ia- 
wards, causiDg, at the same time, the particles within to 
ooncoitrate their fire, until finally the force from within 
equals that fronrwithout, and the envelope remains quie»- 
oent. All the impressions, then, which we derive from 
heated air or vapour are, according to this hypothesis, 
due to the impact of the gaseous atoms. They stir the 
n^ves in their own peculiar way, the nerves transmit 
the motion to the brain, and the brain declares it to be 
heat. Thus tiie impression one receives on entering the 
hot room of a Turkish batii, is caused by the atomic can- 
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nonade which is there maintained agains the surface of 
the body. 

If, instead of placing this bladder under the receiver of 
an air-pump, and withdrawing the external air, I augment, 
bj heat, the projectile force of the particles within it, these 
particles, though comparatiTely few in number, will strike 
with such impetuous energy agamst the inner surface as to 
cause the envelope to retreat : the bladder swells and be- 
comes apparently filled with air ; I hold the bladder close 
to the fire, and here it is, you see, with all its creases re- 
moved. But you will retort, perhaps, by saying that thi^ 
ought not to .be the case, inasmuch as the air outside the 
bladder is also near the fire, and therefore animated with a 
like projectile energy, which tends to drive the envelope 
in. True, the bladder and the air in contact with it are . 
equally near the fire ; but in a future lecture you will learn 
that the air outside the bladder allows the rays -of heat to 
pass through it with very little augmentation of tempera- 
ture, while the bladder intercepts the radiant heat ; the en- 
velcpe becomes first warmed and then communicates its heat, 
by contact, to the air within. The air, moreover, in ocm- 
tact with the bladder on the outside, though heated by the 
bladder, has free space to dilate in, and id therefore incom- 
petent to resist the expansion of the confined air which the 
bladder contains. 

This, then, is a simple illustration of the expansive force 
of heat, and I have here an apparatus intended to show you 
the same fact in another .manner. Here is a flask, f (fig. 
20), empty, except as regards {dr, which I intend to heat 
by this little spirit-lamp underneath. From the flask a bent 
tube passes to this dish, containing a coloured liquid. In 
the dishj a 2-foot glass tube, ^ ^, is inverted, closed at the 
top, but with its open end downwards; you know that the 
pressure of the atmosphere is competent to keep the column 
of liquid in this tube, and here you have it quite filled to 
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the top Tfith the liquid. The tabe passing from the flask 
is caosed to turn up exactly underneath the open end of 
tius upright tube, so that if a bubble of air should issue 
from the former, it will ascend the latter. I now heat the 

Fig. 90. 




flask, and as I do so, the air expands, for the reasons al- 
ready given ; bubbles are driven from the end of the bent 
tube, and they ascend in the tube t L The air speedily de- 
presses the liquid column, until now^ in the course of a very 
few seconds, the whole column of liquid has been super- 
seded by air. 

It is perfectly manifest that the idr, thus expanded by 
beat, is lighter than the unexpanded aur. Our flask, at the 
conclusion of this experiment, is lighter thscn it was at the 
commencement, by the weight of the air transferred from 
It into the upright tube. Supposing, therefore, a light bag 
to be fllled with such air, it is plain that the bag would, 
frith reference to the heavy air outside it, be like a drop 
of oil. in water; the oil being lighter than the water, will 
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ascend through the latter; so also our bag, Med witb 
heated air, will ascend in tiie atmosphere ; and this is Ae 
principle of the so-called fire-balloon. Hr. Ander8(m will 
ignite some tow in this yessel, over it he will place this 
fannel, and over the funnel I will hold the month of this 
paper balloon. The heated air ascending from the burning 
tow enters the balloon, causes it to swell ; its tendency to 
rise is already manifest. I let it go, and thus it sails fdoft 
tiU it strikes the ceiling of the room. 

But we must not be content with regarding these phe- 
nomena in a general way ; without exact quantitative de. 
terminations our discoveries would confound and bewilder 
us. We must now enquire what is the amount of e^an- 
sion which a given quantity of heat is able to produce in a 
gas ? This is an important point, and demands our special 
attention. When we speak of the volume of a gas, we 
should have no distinct notion of its real quantity, if its 
temperature were omitted, the volume varies so largely 
with the temperature. Take, then, a measure of gas at the 
precise temp^uture of water when it begins to freeze, or 
of ice when it commences to melt, that is to say, at a tem- 
perature of 82^ Fahr. or 0° Cent., and raise that volume of 
gas one degree in temperature, ihepressvrt on even/ square 
inch of the envelope which hoUh the gcu being preeerved 
eonetant. The volume of the gas will become expanded 
by a quantity which we may call a ; raise it another degree 
in temperature, its volume will be expanded .by 2a, a third 
degree will cause an expansion of So, and so on. Thus, we 
see, that for every degree which we add to the temperature 
of the gas, it is expanded by the same amount. What is 
this amount ? No matter what the quantity of gas may be 
at the freezing temperature, by raising it one degree Fahr- 
enheU we augment its volume by rivth of its own amount ; 
while by raising it one degree Centigrade we augmoit the 
volume by r^^rd of its own amount. A cubic foot of gas, 
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for example, at 0^ C^ beoomes, on being heated to 1% 
lj\j cubic foot, or, expressed in ^edmals, 

1 voL at 0° C. becomes 1 + '00367 at 1** C. 
at 2** C. it becomes 1 + -00367 X 2 
at 3*^ C. it becomes 1 + '00367 X 3, and so oxu 

The constant number '00367, which expresses the frac- 
tion of its own Tolnme, which a gas,- at the freezing tem- 
perature, expands on being heated one degree, is 
called the coefficient ofexpaarmon of the gas. Of ^^^' ^' 
course if we use the degrees of Fahrenheit, the co- 
efficient will be smaller in the proportion of 9 to 5. 

This much made dear, we shall now approach, 
by slow degrees, an interesting but difl^cult sub- 
ject. Suppose I have a quantity of air contained 
in a very tall cylinder, a b (fig. 21), the transverse 
section of which is one square inch in area. Let 
the top A of the cylinder be open to the air, and 
let p be a piston, which, for reasons to be explained 
immediately, I will suppose to weigh two pounds 
one ounce, and which moves air-tight and without 
fiiction, up or down in the cylinder. At the com- 
mencement of the experiment, let the piston be at 
the point p of the cylinder, and let the height of 
the cylinder from its bottom b to the point p be 
273 inches, the air underneath the piston being at 
a temperature of 0^ C, Then, on heating the ur 
from 0** to* 1° C. the piston will rise one inch ; it 
will now stand at 274 inches above the bottom. If 
the temperature be raised two degrees, the piston 
will stand at 275, if raised three degrees it will 
stand at 276, if raised ten degrees it will stand at 
283, if 100 degrees it will stand at 373 inches 
above the bottom; finally, if the temperature were raised 
to 273*^ C, it is quite manifest 273 indies would be added 
4* 
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to the height of the ooliuim, or, in other words, by heating 
the air to 273^ C^ its votume would be doubled. 

It is evident that the gas, in this experiment, executes 
work. In expanding from p upwards, it has to oyercome 
the downward pressure of the atmosphere, which amounts 
to 15 lbs. on every square inch, and also the weight of the 
pbton itself, which is 2 lbs. 1 oz. Hence, the section of 
the cylinder being one square inch in area, in expanding 
from p to p^ the work dcHie by the gas is equivalent to the 
raising a weight of 17 lbs. 1 oz., or 273 ounces, to a height 
of 273 inches. It is just liie same as what it would accom- 
plish, if the air above p were entirely abolished, and a pis- 
ton weighing 17 lbs. 1 oz. were placed at p. 

Let us now alter our mode of experiment, and instead 
of allowing our gas to expand when heated, let us oppose 
its expansion by augmentmg the pressure upon it. In 
other words, let us keep its volume constant while it is 
being heated. Suppose, as before, the initial temperature 
of the gas to be 0"^ C, the pressure upon it, including the 
weight of the piston p, being, as formerly, 273 ounces. 
Let us warm the gas from 0° C. to 1° C. ; what weight 
must we add to p in order to keep its volume constant ? 
Exactly one ounce. But we have supposed the gas, at the 
commencement, to be under a pressure of 273 ounces, and 
the pressure it sustains is the measure of its elastic force ; 
hence, by being heated one degree, the elastic force of the 
gas has augmented by r}?!'^ o^ what it possessed at 0^. 
If we warm it 2°, 2 oss. must be added to keep its volume 
constant ; if 3"^, 3 ozs. must be added. And if we raise its 
temperature 273^, we should have to add 273 ozs. ; that is, 
we should have to double the original pressure to keep the 
volume constant. 

It is simply for the sake of clearness, and to avoid frac- 
tions in our reflections, that I have supposed the gas to be 
under the original pressure of 273 ozs. No matter what its 
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pressure may be, the addition of 1° C. to its temperature 
produces an augmentation of ^l^rd of the elastic force 
which the gas possesses at the freezing temperature ; and 
by nosing its temperature 273^, while its volume is kept 
constant, its elastic force is doubled. Bet us now compare 
this experiment with the last one, ITiere we heated a cer- 
tain amount of gas from 0^ to 273°, and doubled its vol- 
mne by so doing, the double volume beiug attained while 
the gas lifted a weight of 273 ozs. to a height of 273 
indies. Msre we beat the same amount of gas from 0° to 
273*^, but we do not permit it to lift any weight. We 
keep its volume constant. The quantity of matter heated 
in both cases is the same ; the temperature to which it is 
heated is in both cases the same; but are the absohUe 
quomtUiea of heat imparted in both cases the same ? By 
no means. Supposing that to raise the temperature of the 
gas, whose votume is kept constant, 273% 10 grams of 
combustible matter are necessary ; then to raise the tem- 
perature of the gas whose pressure is kept constant an 
equal number of degrees, woi^d require the consumption 
of 14i grains of the same combustible matter. The heat 
produced by the combusiion of the additional 4^ grains^ in 
th^ Uxtter case^ is entirdy consumed in Kfting^ the weight. 
Using the accurate numbers, the quantity of heat applied 
wb^i tiie volume is constant, is to the quantity applied 
when the pressure is constant, in the proportion of 

1 to 1-421. 

This extremely important fact constitutes the basis 
£rom which the mechanical equivalent of heat was first cal- 
culated. And here we have reached a point which is wor- 
thy of, and which will demand, your entire attention. I 
will endeavour to make this calculation before you. 

Let c (fig. 21a) be a cylindrical vessel with a base one 
square foot in area. Let p p mark the upper surface of a 
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cubic foot of w at a temperature of 32^ Fahr. The height 
▲ F will be then one foot. Let the air be heated till tioM 
' Tolmne is doubled ; to effect this it must, 

a^ before explained, be raised 278** C, or 
490^ F. in temperature; and, when ex- 
panded, its upper sur&ce will stand at p' 
p', one foot aboye its initial position. But 
in rising from p p to p' p' it has forced 
back the atmosphere, which exerts a pres- 
sure of 15 lbs. on every square inch of its 
upper surface ; in other words, it has Hffced 
a weight of 144 x 15 = 2,160 lbs. to a 
height of one foot. 
The ^ capacity * for heat of the air thus expanding is 
0-24 ; water being unity. Hie weight of oxir cubic foot of 
air is 1*29 oz., hence the quantity of heat required to raise 
1*29 oz. of air 490^ Fahr. would raise a little less than one- 
fourth of that weight of water 490°. The exact quanti^ 
of water equivalent to our 1*29 oz. of lur is 1*29 X 0*24 « 
0-31 oz. 

But 0*31. oz. of water, heated to 490% is equal to 153 
ozs. or 9i lbs. heated 1°. Thus the heat imparted to our 
cubic foot of air, in order to double its volume, and enable 
it to lift a weight of 2,160 lbs. one foot Mgh, would be 
competent to raise 9^ lbs. of. water one degree in tempera- 
ture. 

The air has here been heated tmder a eonttarU prttmm^ 
and we have learned, that the quantity of heat necessary to 
raise the temperature of a gas under constant pressure a 
certain number of degrees, is to that required to raise the 
gas to the same temperature, toJi/en Us v6hme is kipi con- 
stantj in the proportion of 1*42 : 1 ; hence we have the 
statement — 

lbs. IbflL 

1-42 : I = 9*5 : 6*7 
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-wUoh shows that the quantity of heat necessary to aug- 
ment the temperature of our cnbio. foot of air, at constant 
T<diime, 490**, would heat 6*7 lbs. of water 1**. 

Dedncting 6*7 lbs. from 9*5 lbs., we find that liie excess 
of heat imparted to the air, in the case where it is permit- 
ted to expand, is competent to raise 2*8 lbs. of water l"* in 
temperatore. 

As explained already, this excess is employed to lift the 
weight of 2,160 lbs. one foot high. Dividing 2,160 by 2-8, 
we find diat a quantity of heat sufiicient to raise one pound 
of water 1^ Fahr. in temperature, is competent to raise a 
wdght of 771*4 lbs. a foot high. 

This method of calculating the mechanical equivalent 
of heat was followed by Dr. Mayer, a physician in HeU- 
bron, Qermany, in the spring of 1842. 

Mayer's first paper contains merely an indication of the 
way in which he had found the equivalent ; but does not 
contain the calculation. The paper was evid^tly a kind 
of preliminary note, from which date might be taken. In 
it. were enunciated the convertibility and indestructibility 
of force, and its author ref^red to the mechanical equiva- 
lent of heat, merely in illustration of his principles. Had 
this first foper stood alone, Mayer's relation to the dynami- 
cal theory of heat would be very different from what it 
now is ; but in 1845 he published an Essay on Organic 
Motion, which, though exception might be taken to it here 
and there, is, on the whole, a production of extraordinary 
merit. Hiis was followed in 1848 by an Essay on * Celes- 
tial Dynamics,' in which, witii remarkable boldness, saga- 
city, and completeness, he developed the meteoric theory 
-of the sun. Taking him all in aU, the right of Mayer to 
stand, as a man of true genius, in the front rank of the 
founders of the dynamical theory of heat, cannot be dis- 
puted. 

On August 21, 1843, Mr. Joule communicated a paper 
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to the BritiBh Association, then meeting at Cork, and in the 
third part of this paper* he describes a series of ezperi-> 
ments on magneto-electricity, executed with a view to de-^ 
termine the ^ mechanical yalae of heat' The results of this 
elaborate investigation gave the following weights raised 
one foot high, as equivalent to the warming of 1 lb. of 
water V Fahr. 

1. 896 lbs. 5. 1026 lbs. 

2. 1001 „ 6. 687 „ ' 
8. 1040 „ 1. 742 „ 
4. 910 „ 8. 860 „ 

In 1844 Mr. Joule deduced from experiments on the 
condensation of air, the following equivalents to 1 lb. of 
water heated V Fahr. 

823 foot pounds 

795 

820 „ 

814 

760 

As the experience of -the experimenter increased, we 
find that the coiocidence of his results becomes closer. In 
1845 Mr. Joule deduced from experiments with water, agi- 
tated by a paddle-wheel, an equivalent of 

890 foot pounds. 

Summing up his results in 184*5, and taking the mean^ 
he found the equivalent to be 

817 footpounds. 

In 1847 he found the mean of two experiments to give 
as equivalent 

781*8 foot potmds. 

• FhiL Mag., 1848, Td. xxiiL p. 48S. 
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Iliuillj^in 1849f ai^lying all the precaationB saggested 
bj Beven years' experience, he obtained the following num- 
bers for the mechanical equivalent of he^: — 

772*692, £romfinctioii of water, mean of 40 experiments 
774088, „ „ mercury, „ 50 „ 
774-987, „ „ cast-inm, „ 20 „ 

For reasons assigned in his paper, Mr. Joole fixes the 
exact equivalent of heat at 

772 foot poxmds. 

According to the method pursued by Mayer, in 1842, 
the mechanical equivalent of heat is 

' ' 771*4 foot pounds. 

Sncb a coincidence relieves the mind of every shade of 
uncertainty, regarding the correctness of our present me* 
cbanical equivalent of heat. 

Do I refec to these things in order to exalt Mayer, at 
the expense of Joule ? • It is far from my intention to* do 
so. The man who through long years, without encourage- 
ment, and in the face of difficulties which might well be 
deemed insurmountable, could work with such unswerving 
steadfastness of purpose to so triumphant an issue, is safe 
firom depreciation. And it is not the experiments alone, 
but the spirit which they incorporate, and the applications 
which their author made of them, that entitle Mr. Joule to 
a place in the foremost rank of physical philosophers. 
Slayer's labours have, in some measure, the stamp of a pro- 
found intuition, which rose, however, to the Aergy of un- 
doubting conviction in the author's mind. Joule's labours, 
on the contrary, are an experimental demonstration. True 
to the speculative instincts of his country, Mayer drew 
large and weighty conclusions from slender premises, while 
the TJ^n gliftliTfiftTi aimed, above all things, at the firm estab- 
lishment of facts. And he did establish them. The future 
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historian of science will not, I think, place thes« men in 
antagonism. To each belongs a reputation which will not 
qoicldy fade, foiythe share he has had, not onljin estab- 
Ushing the dynamical theory of heat, bat also in leading 
the way towards a right appreciation of the general energies 
of the universe. 

Let us now check our conclusion regarding the influence 
which the perfonnance of work has on the quantity of heat 
communicated to a gas. Is it not possible to allow a gas 
to ezpimd, without performing work ? This question is an- 
swered by the following important experiment, which was 
first made by Gay Lussac I have hfere two copper vessels, 
A, B (fig. 22), of the same size, one of which, a, is exhaust- 
ed, and the oth^r, b, filled with air. I turn the cock c ; 
the air rushes out of b into a, until the same pressure exists 
in both vessels. Now the air in 
driving its own particles out of b 
performs work, and experiments 
which we have already made in- 
form us; that the residue of air 
which remains in b must be chill- 
ed. The particles of air enter a 
with a certain velocity, to generate 
which the heat of the air in b has 
been sacrificed ; but they immedi- 
ately strike , against the interior 
surface of a, their motion of trans- 
lation is aniuhilated, and the exact quantity of heat lost by 
b appears in a. Mix the contents of a and b together, and 
you have air of the original temperature. There is no work 
performed, and there is no heat lost. Mr. Joule made this 
experiment by compressing twenty-two atmospheres of air 
into one of his vessels, while the other was exhausted. On 
surroundmg both vessels by water, kept properly agitated, 
no augmentation of temperature was observed in the water, 
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when the gas was allowed to stream from one vessel into 
tibe o&er.* In like manner, supposing the top of the cylin- 
der (fig. 20) to be closed, and ^e half aboye the piston a 
perfect vacunm; and suppose the air in the lower half .to 
be heated 278°, its volmne being kept constant. If the 
pressure were ^semoVed, the air would expand and fill the 
cylinder ; the lower portion of the column would thereby 
be chilled, but the upper portion would be heated, and 
mixing both portions together, we should have the whole 
colnnpi at a temperature of 273°. In this case we raise the 
temperature of the gas from 0° to 273°, and afterwards al- 
low it to double its volume ; the state of the gas at the 
commencement, and at the end, is the same as when the 
gas expands against a constant pressure, or lifts a constant 
weight ; but the absolute quantity of heat in the latter case 
is 1*421 times that employed in the former, the difference 
bemg due to the fact that the gas, in the one case, per- 
forms mechanical work, and in the other not. 

We are taught by this experiment' that mere rarefaction 
is not of itself sufficient to produce a lowering of the mean 
temperature of a mass of air. It was, and is still, a current 
Aoti<Hi, that the mere expansion of a gas produced refriger- 
ation, no matter how that expansion was effected. The 
coldness of the higher atmospheric regions was accounted 
for by reference to the expansion of the air. It was 
thought that what we have called the ^ capacity for heat ' 
was greater in the case of the rarefied than of the unrare^ 
fied gas. But the refrigeration which accompanies expan- 
sion is, in reality, due to the consumption of heat in the 
performance of work by the expanding gas. Where no 
work is performed there is no absolute refrigeration. 

All this needs reflection to arrive at clearness, but every 
effort of this kind which you make will render your subsne- 

♦ PhU. Hag. 1845, vol xxvL p. 878. 
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qaent efforts easier, and shottld yon fail, at present, to gain 
deamess of comprehension, I repeat my recommendation 
of patience. Do not quit this portion of the subject witli- 
out an effort to comprehend it — wrestle with it for a time, 
but do not despair if you fail to arrive at deamess. 

I have now to direct your attention to one other inter- 
esting question. We have seen the elastic force of our gas 
augmented by an increase of temperature. In an inflexible 
envelope we have, for every degree of temperature, a cer- 
tain definite increment of elastic force, due to the augmentr 
ed energy of the gaseous projectiles. Reckoning from O^ 
C. upwards, we find that every degree added to the tem- 
perature produces an augmentaticm of elastic force, equal 
to rksT^i of that which the gas possesses at 0% and h^ioe, 
that by imparting 278^ we double the elastic force. Sup- 
posing the same law to hold good when we redcon from 0^ 
doumwarch — ^thau for every degree of temperature toMr 
drawn from the gas we diminish its elastic force, or the 
motbn which produces it, by irl^rd of what it possesses at 
0% it is manifest that at a temperature of 273° Centigrade 
below 0°- we should cease to have any elastic force whatr 
ever. The motion to which the elastic* force is due must 
here vanish, and we reach what is called the absolute zero 
o/ tempercUttre. 

No doubt, practically, every gas deviates from the 
above law of contraction before it sinks so low, and it 
would become solid before reaching-^-278° C, or the abso- 
lute zero. This is considerably bdow any temperature 
which we have as yet been able to obtain. 

I will not subject your minds to any further strain in 
connection with this subject to-day, but will now {)ass on 
to illustrate experimentally the expansion of liquids by 
heiat. 

Here is a Florence flask filled with ald^hol, and tightiy 
corked ; through the cork a tube, t' (fig. 28), passes water* 
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tight, and the liquid rises a foot or so in this tube. I wOl 
heat this flask, the alcohol will expand, and it Inll rise in 
the tube. Bat I wish you to see it rising, and to enable 
you to do so I will place the tube ^ ^' in front of the elec- 
tric lamp E, and send a strong beam of light across it, at 

FIg.S8. 




the place t\ where the liquid colulnn ends ; I thus illumi- 
nate the tube and column. In front of the tube I place this 
lens L, and arrange its distance so that it shall cast an en- 
larged image * i, of thecolumn upon the screen. Ton now 
see clearly where the column ends ; you see this quiyering 
of the top of the column, and if it moves, you will be able 
to see its motion. I now fill this beaker, b, with hot war 
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ter, and I will raise the beaker so that the hot water shall 
surround the Florence flask. It is needless to say that the 
image upon the screen is inverted, and that when the liquid 
expands, the top of the column will descend along the 
screen. Observe the experiment from the conmiencement ; 
the flask is now in the hot water, and the head of our col- 
umn ascendsj as if the liquid contracted. Now it stops 
and conunences to descend, and it will continue to do so 
permanently. But why the first ascent ? It is not due to 
the contraction. of the liquid, but to the mamerUcay ea^fKin- 
sion of the fmk^ to which the heat is first communicated. 
The glass expands before the heat can fairly reach the 
liquid, and hence the column faUs ; but soon the expansion 
of the liquid exceeds that of the glass, and the column 
rises. Two things are here illustrated ; the expansion of 
the solid glass by heat, and the fact that the observed dila- 
tation of the liquid does not give us its true augmentation 
of volume, but only the difference of dilatation between 
the glass and it. 

I have here another flask filled with water, exactly 
similar in size to the former, and furnished with a similar 
tube. I place it in the same position, and repeat with it 
the experiment made with the alcohoL You see, first of all, 
the transitory effect due to the expansion of the glass, and 
afterwards, the permanent expansion of the liquid ; bpt you 
can observe that the latter proceeds much more slowly than 
in the case of alcohol ; the alcohol expands more speedily 
than the water. Now we might go over a htrndred liquids 
in this way, and find them all expanding by heat, and we 
might thus be led to conclude that expansion by heat is a 
law without exception ; but we should err in this conclu- 
sion. And it is really to illustrate an exception of this kind 
that I have introduced this flask of water. I will cool the 
flask by plunging it into a substance somewhat colder than 
water, when it first freezes! This substance I obtain by 
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mixing pomded ice with salt You see the colmnn gradu- 
ally sinkiiig, the heat is being given up to the freezing mix- 
ture, and the water contracts. This contraction is now very 
slow, and now it stops altogether. A slight motion com- 
mences in the opposite direction, and now the liquid is vis- 
ibly eoepanding. I stir the freezing mixture, so as to bring 
colder portions of it into contact with the flask ; the colder 
ihe mixture the 4^cker is the expansion* Here then we 
haye Nature stopping in her ordinary course, and reyersmg 
her ordinary habits. The fact is, that .the water goes on 
contracting till it reaches a temperature of 89° Fahr.,"or 4° 
Cent., at which point the contraction ceases. This is the 
so-called point of maximum density of the water ; from 
this downwards, to its freezing point, the liquid expands ; 
and when it is converted into ice, the expansion is large 
and sudden. Ice, we know, swims upon water, being 
lightened by this expansion. If I now apply heat, the 
series of changes are reversed : the colunm descends, diow- 
ing the contraction of the liquid by heat. After a time the 
contraction ceases, and permanent expansion sets in. 

The force with which these molecular changes are 
effected is all but irresistible. The changes usually occur 
under conditions which allow us no opportunity of observing 
the energy involved in their accomplishment. But to give 
you an example of this energy, I have confined a quantity 
of water in this iron bottle. The iron is fully half an inch 
thick, and the quantity of water is small, &ough sufficient 
to fill the bottle. The bottle is closed by a screw firmly 
fixed in its neck* I have here a second bottle of the same 
kind, and prepared in a similar manner. Both of them I 
place in this copper vessel, and surround them with a freez- 
ing mixture. They cool gradually, the water within ap- 
proaches its point of maximum density ; no doubt, at this 
moment, the water does not quite fill the bottle, a small 
vacuous space exists within. But soon the contraction 
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ceases, and expansion sets in ; the raonons space is slowly 
filled, the water gradually changes from liquid to solid ; in 
doing so it requires more room, which the rigid iron re- 
fuses to grant. But its rigidity is powerless in the pres- 
ence of the atomic forces. These atoms are giants in dis- 
guise ; you hear that sound ; the bottle is shivered by the 
crystafiising molecules — there goes the other ; and here are 
the fragments of the vessels, which show their thickness, 
and impress you with the might of that energy by which 
they were thus riven.* 

You have now no difficulty in understanding the effect 
of frosty weather upon the water pipes of your houses. I 
have here a number of pieces of such pipes, all rent. Ton 
become first sensible of the damage when the thaw sets in, 
but the mischief b really done at the time of freezing ; the 
pipes are then rent, and through the rents the water es- 
capes, when the solid within is liquefied. 

It is hardly necessary for me to say a word on the im- 
portance of this property of water in the economy of na- 
ture. Suppose a lake ezpos^ to a clear wintry sky ; the 
superficial water is chilled, contracts, beccmies thus heavier, 
and sinks by its superior weight, its place being supplied 
by the lighter water from below. In time this is chilled, 
and sinks in turn. Thus a circulation is estaNished,- the 
cold, dense water descending, and the lighter and warmer 
water rising to the top. Supposing this to continue, even 
after the first pellicles of ice were formed at the surface ; 
the ice would sink as it was formed,f and the process 

* Metal cylinders, an inch in thicknesB, are unable to resist the decom- 
posing force of a small galvanic battery. M. Gasaoit has bmvt many saoh 
cylinders by electrolytic gas. 

f Prof. William Thomson has reciently raised a pomt which deserros 
the grave consideration of theoretic geologists: Suppoang the constituents 
of the earth^s crust to contract on solidifying, as the experiments thus far 
made indicate, a bpeaking in, and sinking of the crust would assuredly 
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would not oease until the entire water of the lake would be ' 
solidified. Death to every living thing in the water would 
be ^e consequence. But just when matters become critical, 
Nature steps aside from her ordinary proceeding, causes 
the water to expand by cooling, and tiie cold water swims 
like a scum on the surface of the warmer water under- 
neath. . Solidification ensues, but the solid is much fighter 
than the subjacent liquid, and the ice forms a protecting 
roof over the living things below. 

Such facts naturaOy and rightly excite the emotions ; 
indeed, itie relations of life to the conditions of life — ^the 
general ad^tation of means to ends in Nature, excdte, in 
the profoundest degree, the interest of the philosopher. 
But in dealing with natural phenomena, the feelings must 
be carefully watched. They often lead us unconsciously 
. to overstep the bounds of fact. Thus, I have heard this 
wonderful property of water referred to as an irresistible 
proof of design, unique of its kind, and suggestive of pure 
benevolence. * Wny,' it is urged, * should this case of wa- 
ter stand out isolated, if not for the purpose of protecting 
Nature against herself? * The fact, however, is, that the 
case is not an isolated one. You see this iron bottle, rent 
from neck to bottom ; I break it with this hammer, and 
you see a core of metal withiu. This is the metal bismuth, 
which, when it was in a molten condition, I poured into 
this bottle,' and closed the bottle by a screw, exactly as in 
the case of the water. The. m^tal cooled, solidified, ex- 
panded, and the force of it^ expansion was sufficient to 
burst the bottle. There are no^ fish here to be saved, still 
the molten bismuth acts exactly as the water acts. Once 
for* all, I would say that the naetural philosopher, as such, 

follow its fonnation. Under these circumstancea, it ia extremely difficult 
to concdye that a solid shell should be formed, aa ia generally aaaumed, 
rotmd a liquid nucleus. 
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has nothing to do with pnrposes and derigna. Hia n^et^ 
tion is to enquive tohat Nature is, not why she is*; thon^^ 
he, like others, and he, more than others, most stand at 
times rapt in wonder at the mystery in which he dwdls, 
and towards the final*solation of which his studies fimiiah 
him with no due. 

We most now pass on to the expansion of solid bodies, 
by heat, and I will illustrate it in this way : I have here 
two wooden stands, ▲ and b (fig. 24), with plates of brass, 
p p\ riveted against them. I hold in my hand two bars 
of equal length, one of brass, the other of iron, and these, 
as you observe, are not sufficiently long to stretch from 
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stan^ to stand. I will sit3g;)ort them on two little projec- 
tions of wood attached to tiie 'stand at/> and^. I connect 
one of the plates of brass, je>, with one pole of a small vol- 
taic battery, d, and from the other, />', a wire proceeds to 
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the little inslmment c, whidi yon see in front of the table ; 
and again from that instroment a wire returns direct to the 
other pole of the battery. The instrument in front con- 
sists merely of an arrangement to snpport a spiral o of pla- 
tinmn wire, which will glow with a pure white light when 
the curr^it from d passes throngh it. At the present mo- 
ment the only break in the drcait is due to the insufficient 
length of the bars of brass and iron to bridge the space from 
stand to stand. Fndemeath the bars is a row of gas jets, 
which I will now ignite ; the bars are heated, the metals 
expand, and I expect that in a few minutes they will 
stretch quite across from plate to plate ; when this occurs, 
the current will pass, and the fact of the gap being bridged 
win be declared by the sudden glowing of the platinum 
spiral It is still non-luminous, the bridge is not yet com- 
plete ; but now it brightens up, showing that one, or both, 
of these bars have expanded so as to stretch quite across 
from stand to stand. Which of the bars is it ? I remove 
the iron, but the platinum still glows : I restore the iron, 
and remove the brass ; the light disappears. It was the 
brass lliat bridged the gap. So that we have here an illus- 
tratiouj not only of the general fact of expansion, but also 
of Ae fact that different bodies expand in difierent degrees. 
The expansion of both brass and iron is very small : and 
various instruments have been devised to measure the ex- 
pansion. Such instruments go under the general name of 
pyrometers. But I have here a means of multiplying the 
effect, far more powerful thatf the ordinary pyrometer. 
Here is a solid upright bar of iron two feet long, and on a 
mirror connected with the top of the bar I throw a beam 
of light from the electric lamp, which beam is reflected to 
the upper part of the wall. If the bar shorten, the mirror 
wiQ turn in one direction : if it lengthen, the mirror will 
turn in the opposite* direction. Every movement of the 
mirror, however slight, is multiplied by this long index of 
5 
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light ; which, beside its length, has the adyantage of moT- 
ing with twice the angular velocity of the mirror. Evea 
the breath, projected against this massiye bar of iron, pro- 
daces a sensible motion of the beam ; and if I warm it for 
a moment with the flame of a spirit-lamp, the luminouB in- 
dex will travel downwards, the patch of light upon the 
wall moving through a space of full thirty feet. I withr 
draw the lamp, and allow the bar to cool ; it contracts, and 
the patch of light reascends the wall : I hasten the con- 
traction by throwing a little alcohol on the bar of iron, the 
light moves more speedily upwards, and now it occupies a 
place near the ceiling, as at the conmaencement of the ex- 
periment.* 

I have stated that difTer^it bodies possess different 
powers of expansion ;f that brass, for example, expands 
more, on being heated, than iron. Here are two rulers, 
one of brass and the other of iron, riveted together so as 
to form, at this temperature, a straight compound ruler. 
But if the temperature be changed, the ruler is no longer 
straight I heat it, it bends in one direction ; I cool it,, it 
bends in the opposite directicm. When heated, the brass 
expands most, and forms the convex side of the curved, 
ruler. When cooled, the brass contracts most, and forms 
the concave side of the ruler. Facts like these must, of 
course, be taken into account, in structures where it is ne- 
cessary to avoid distortion. The force with which bodies 
expand when heated, is quite irresistible by any mechanical 
appliances that we can make use of. All these molecular 
forces, though operating in such minute spaces, are almost 
infinite in energy. The contractile force of cooling has 

* The piece of apparatus with which this experiment was made is ior 
tended for a totally different purpose. I therefore indicate its principle 
merely. ^ 

f The coefficients of expanaon of a few well-known sub^ances are 
giTon in the Appendix to this Lecture. 
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been applied by engineers to draw leaning walls into an 
npri^t position. If a body be brittle, the beating of one 
portion of it, producing expansion, maj so press or stram 
another portion, as to produce fracture. Hot water poured 
into a glass often cracks it, through the sudden expansion 
of the interior. It may also be cracked by the contntction 
produced by intense cold. 

I have here some flasks of very thick glass, which, when 
blown, were allowed to cool quickly. The external por- 
tions become first chilled and ri^d. The internal portions 
cooled more gradually, but they found themselves, on 
cooling, surrounded, as it were, by a rigid shell, on which 
they exerted the powerful strain of their contraction. The 
consequence is, that the superficial portions of these flasks 
are in such a state of tension that the slightest scratch pro- 
duces rupture. I throw into this glass 'a grain of quartz ; 
the mere dropping of l^e little bit of hard quartz into the 
flask causes the bottom to fly out of it. Here, also, I have 
these so-called Rupert drops, or Dutch tears, produced 
by glass being fused to drops, which are suddenly cooled. 
Tlie external rigid shell has to bear the strain of the inner 
contraction ; but the strain is distributed so equally all over 
tie surface, that no part gives way. But by simply break- 
ing this filament of glass, which fomts the tajl of the drop, 
the solid mass is instantly reduced to powder. I dip the 
drop into a small flask filled with water, and break the tail 
of the drop outside the flask ; the drop is shivered with 
Buch force that the shock, transferred through the water, is 
sufficient to break, the bottle in pieces. 

A very curious e^ct of expansion was observed, and 
explained, some years ago by the Reverend Canon Mosely. 
The choir of Bristol Cathedral was covered with sheet lead, 
the length of the covering being 60 feet, and its depth 19 
feet 4 inches. It had been laid on in the year 1851, and 
two years afterwards— viz., in 1853— it had moved bodily 
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down for a distance of eighteen indies. The descent had 
been continually going on from the time the lead had been 
laid down, and an attempt made to stop it by driving nails 
into the rafters had failed ; for the force with which the 
lead descended was sufficient to draw out the nails. The 
roof was not a steep one, and the lead would have rested 
on it for ever, without sliding down by gravity. What, 
then, was the cause of the descent? Simply this. The 
lead was exposed to the varying temperatures of day and 
night. During the day the h^at imparted to it caused it to 
expand. • Had it lain upon a horizontal surface, it would 
have expanded equally all round, but as. it lay upon an in- 
clined surface, it expanded more freely downwards than 
upwards. When, on the contrary, the -lead contracted at 
night, its upper edge was drawn more easily downwards 
than its lower edge upwards. Its motion was therefore 
exactly that of a common earthworm ; it pushed its lower 
edge forward during the day, and drew its upper edge 
after it during the night, and thus by degrees it crawled 
through* a space of eighteen inches in two years. Every 
local change df temperature during the day and during the 
night contributed also to the result ; indeed Canon Mosely 
afterwards found the main effect to be due to these quicker 
alternations of temperature. 

Not only do different bodies expand differently by heat, 
but the same body may expand diffeAntly in different cB- 
rections. In crystals the atoms are laid together according 
to law, and along some Jines they are more closely packed 
than along others. It is also likely that the atoms of many 
crystalline bodies oscillate more freely and widely in some 
directions than in others. The consequence of this would 
be an unequal expansion by heat in different directions. 
This crystal I hold in my hand (Iceland spar) has been 
proved by Professor Mitscherlich to expand more along its 
crystallographic axis than in any other directi<Hi. Nay, 
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wbile the crystal expands as a whole — ^that is to say, while 
its volume is augmented by heat — ^it actually contracts in a 
direction at right angles to the crystallographic axis. Many 
other crystals also expand differently in different directions ; 
and, I doubt not, most organic structures would, if exam- 
ined, exhibit the same fact. 

Kature is fuU of anomalies which no foresight can pre- 
dict, and which experiment alone can reyeal. From the 
deportment of a vast number of bodies, we should be led 
to conclude that heat always produces expansion, and that 
cold always produces contraction. But water steps in, and 
bismuth steps in to qualify this conclusion. If a metal be 
compressed, heat is developed : but if a metal wire be 
stretched, cold is developed. Mr. Joule and others have 
worked at this subject, and found the above fact all but 
general. 

One striking exception to this rule (I have no doubt 
there are many others) has been known for a great number 
of years ;. and I will now illustrate this exception by an ex- 
periment. My assistant will hand me a sheet of India- 
rubber, which I have placed in the next room to keep it 
quite cold. . Prom this sheet I cut a strip three inches long, 
and an inch and a half wide ; I turn my thermo-electric pile 
upon its back, and upon its exposed face I lay this piece of 
India-rubber. From- the deflection of the needle, you see 
that that piece of Jobber is cold. I now lay hold of the 
ends of the strip, suddenly stretch it, and press it, while 
stretched, on the face of the pile. See the effect I The 
needle moves with energy, and showing that the stretched 
rubber has heated the pile. 

But one deviation from a rule always carries other de-? 
viations in its train. In the physical world, as in the moral, 
acts are never isolated. Thus with regard to our India- 
rubber ; its deviation from the rule referred to is only part 
of a series of deviations; In many of his investigations 
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Fig. 25. 



Mr. Joule has been assodated 
i\ ith an eminent natural pldlos- 
opher — ^Professor William Thom- 
son — and whenTtfr. Thomson was 
made aware of the deviation of 
India-rubber from an ahnost gen- 
eral rule, he suggested that the 
stretched India - rubber might 
shm*t€-n^ on being heated. .The 
test was applied by Mr. Joule, 
and the shortening was found to 
take place. This singular exper- 
iment, thrown into a suitable 
form, I will now perform before 
you. 

I fasten to this arm, a a (fig. 
26), a length of common vulcan- 
isid India-rubber tubing, and 
Rtrttch it by a weight, w, of ten 
poundjs, to about three times its 
former length. Here is an index, 
i i, formed first of a piece of 
light wood moving freely on a 
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pivot^ and prolonged by a stout straight straw. At the end 
of the straw I place a spear-shaped piece of paper, which 
can range over the graduated circle drawn on this black 
board. The index is now pressed down by a projection 
which I have attached to the weight ; but if the weight 
should be lifted by the contraction of the India-rubber, the 
lever will follow it, being drawn after it by a spring, s «, 
which acts upon the short arm of the index. The India- 
rubber tube, you observe, passes through a sheet iron 
chimney, c, through which I will now allow a current of 
hot air to ascend from this lamp l. You see the effect ; 
the index rises, showing that the rubber contracts, and by 
continuing to apply the heat for a minute or so, I cause the 
end of my index to describe an arc fully three feet long. 
I withdraw the lamp, and as the India-rubber returns to its 
former temperature, it lengthens ; the index moves down- 
wards, and now it rests even below the position which it 
first occupied* 
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FUBTHES REMARga ON DILATATION. 

It is not within the scope of these lectnres to dwell in detail 
on all the phenomena of expansion by heat ; bnt for the sake of 
my yomig readers, I will supplement this lecture by a few addi- 
tional remarks. 

The linear, superficial, or cubic coefficient of expansion, is that 
fraction of a body's length, sur&ce, or volume, which it expands 
on being heated one degree. 

Supposing one of the sides of a square plate of metal, whose 
length is 1, to expand, on being heated one degree, by ^e quanti- 
ty a ; then the side of the new square is' 1 -J- a, and its area is 

In the case of expansion by heat, the quantity a is so small, that 
its square is almost insensible ; the square of a small fraction is, 
of course, greatly less than the fraction itself. Hence without 
sensible error, we may throw away the a' in the aboye expres- 
sjpn, and then we should have the area of the new square 

1 + 2a. 

2a, then, is the superficial coefficient of expansion ; hence we infer 
that by multiplying the linear coefficient by 2, we obtain the su- 
perficial coefficient 

Suppose, instead of a square, 'that we had a cube, haying a 
side = 1 ; and that on heating the cube one degree, the side ex- 
panded to 1 + a ; then the yolume of the expanded cube would 
be 

1 + 8a + 3a» + a». 
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In this, as in the former case, the square of a, and much more the 
cube of a, may be neglected, on account of their exceeding small- 
ness ; we then haye the volume of the expanded cube 

= l + 8a; 

that is to say, the cubic coefficient of expansion is found by treb- 
ling the linear coefficient. 

The following table contains the coefficients of expansion, for 
a number of well-known substances : — 



Copper 


. 0-000017 


0-000061 


0-000061 


Lead . 


. 0-000029 


0-000087 


0-000089 


Tin •. 


. 0-000023 


0-000069 


0-000069 


Iron . 


. 0-0000123 


0000037 


0-000037 


Zipc . 


. 0-0000294 


0000088 


0-000089 


Glass . 


. .0-000080 


0-000024 


0-000024 



The second column here gives the linear coefficient of expansion 
for V C. ; the third column contains this coefficient trebled^ 
which is the cubic expansion of the substance^; and the fourth 
column gives the cubic expansion of the same substance, deter- 
mined directly by Professor Kopp.* It will be seen that Kopp^s 
coefficients agree almost exactly with those obtained by the treb- 
ling of the linear coefficients. 

The linear coefficient of glass for 1^ C. is 

00000080. 



That of platinum is 



00000088. 



Hence glass and platrnum expand nearly alike. This is of t^e 
greatest importance to chemists, who often find it necessary to 
fuse platinum wires into their glass tubes. Were the coefficients 
different, the fracture of the glass would be inevitable during the 
contraction. 

ITie Thermometer. 

Water, owes its liquidity to the motion of heat ; when this 
motion sinks suffid^tiy, crystallisation, as we have seen, sets in. 

* PhO. Mag., 1862, vol iU. p. 268. 
6* 
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The temperataie of crystalliBation is perfectly constant if the 
water be kept under the same pressore. For example, water crys- 
tallises in aU climates at the sea-level, at a temperature of 82° F., 
or of 0° C. The temperature of condensation from the state of 
steam is equally constant, as long as the pressure remains the 
same. The melting of Iceland the freezing of water touch each 
other, if I may use the expression, at 82° F. ; the condwisation of 
steam and the boiling of water touch each other at 212° : 82° then 
is the freezing point of water, and it is the melting point of ice ; 
212° is the condensing point of steam and the boiling point of 
water. Both are invariable as long as the pressure remains the 
same. Here, then, we have* two invaluable standard points of 
temperature, and they have been used for this throughout the 
world. The mercurial tiiermometer consists of a bulb and a stem 
with capillary bore. The bore ought to be of aquable diameter 
throughout. The bulb and a portion of the stem are filled with 
mercury. Both are then plimged into melting ice, the mercury 
shrinking, the column descends, and^ finally comes to rest Let 
the point at which it becomes stationary be marked ; it is the 
freeeiTig paint of the thermometer. Let the instrument be now 
removed and thrust into boiling water ; the mercury expands, the 
column rises, and finally attains a stationary height. Let this 
point be marked ; it is the hoUingpoiTit of the thermometer. The 
space between the freezing point and the boiling point has been 
divided by Reaumur into 80 equal parts, by Fahrenheit into 180 
equal parts, and by Celsius into 100 equal parts, called degrees. The 
thermometer of Celsius is also called the Centigrade thermometer. 

Both Reaumur and Celsius call the freezing point 6°, Fahren- 
heit calls it 82°, because he started from a zero which he incor- 
r^tly imagined was the greatest terrestrial cold. Fahrenheit's 
boiling point is therefore 212°. Reaumur's boiling point is 80°, 
while the boiling point of Celsius is 100°. 

The length of the degrees being in the proportion of 80 : 100 : 
180, or of 4 : 5 : ; nothing can be easier than to convert one into 
tl^e other. If you want to convert Fahrenheit into Celsius, mul- 
tiply by 6 and divide by 9 ; if Celsius into Fahrenheit, multiply 
by 9 and divide by 6. Thus 20° of Celsius are equal to 86° 
Fahrenheit; but if we would know what temperature by Fah- 
renheit's thermometer corresponds to 20° of Celsius, we must 
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ftdd 82 to the 86, which would make the temperatuie 20^, as 
diown by Celsins, equal the temperature 68'', as shown by Fah- 
renheit 



EXTRACTS FBOM SIR H. DATTS FIRST SCIENTIFIC MEMOIR, BEAR* 
IN0 THE TITLE *0N HEAT, LIGHT, AND THE COMBINATIONS OF 
LIGHT.'* 

The peculiar modes of existence of bodies, solidity, fluidity, 
and gazity, depend (according to the calorists) on the quantity 
of the fluid of heat entering into their composition. This sub- 
stance insinuating itself between their corpuscles, separating them 
from each other, and preventing their actual contact, is by them 
supposed to be the cause of repulsion. 

Other philosophers, dissatisfied with the eridences produced in 
favour of the existence of this fluid, and perceiving the genera- 
#tion of heat by friction and percussion, have supposed it to be the 
motion. Considering the discovery of the true cause of the repul- 
sive power as highly important to philosophy, I have endeav- 
oured to investigate this part of chemical science by experimoits ; 
from these .experiments (of which I am now about to give a detail) 
I conclude that heat or the power of repulsion is not matter. 

The Phenomena of Beptddon a/re not dependent on a peculiar elaetic 
fluid/or their exittencej or Caloriedoei not eaeiet. 

Without considering the efFects of the repulsive power on 
bodies, or endeavouring to prove from these effects that it is mo- 
tion, I shall attempt to demonstrate by experiments, that it is not 
matter; and in doing this, I shall use the method called by 
mathematicians, redttctio ad absurdum. 

First, let the increase of temperature produced by friction and 
percussion be supposed to arise from a diminution of the capaci- 
ties of the acting bodies. In this case it is evident some change 
must be induced in the bodies by the action, which lessens their 
capacities and increases their temperatures. 

Mtperiment — ^I procured two parallelopipedons of icef, of the 

* Sip Humphry Davy's works, vd. ii. 

t The result of this ezperiment is the same, if wax, tallow, renn, or 
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temperature of 29^, six inches long, two wide, and two-thirds of 
an inch thick ; they were flEtatened by wires to two bars of iron. 
By a peculiar mechanism, their surfaces were placed in contact, 
and kept in a continued and most violent friction for some min- 
utes. They were almost entirely conyerted into water, which 
water was collected, and its temperature ascertained to be 96°, 
after remaining in an atmosphere of a lower temperature for some 
minutes. The ftision took place only at the plane of contact of 
^e two pieces of ice, and no bodies were in friction but ice. 

From this experiment it is evident that ice by friction is con- 
yerted into water, and according to the supposition, its capacity * 
is diminished ; but it is a well-known tad, that the ciq>aoity of 
water for heat is much greater than that of ice ; and ice must haye 
an absolute quantity of heat added to it, before it can be conyert- 
ed into water. Friction consequently does not diminish the ca- 
pacities of bodies for heat. 

From this ei^riment it is likewise evident, that the increas^ 
of temperature consequent on fHction cannot arise from the de- 
composition of the oxygen gas in contact, for ice has- no attrac- 
tion for oxygen. Since the increase of temperature consequent 
on fHction cannot arise from the diminution of capacity, or oxy- 
dation of the acting bodies, the only remaining supposition is, 
that it arises from an absolute quantity of heat added to them, 
which heat must b^ attracted from the bodies in contact Then 
friction must induce some change in bodies, enabling them to at- 
tract heat fit)m the bodies in contact. 

JSrpdrtww^.— I procured a piece of clockwork, so constructed 
as to be set at work in the exhausted receiver ; one of the external 
wheels of this machine came in contact with a thin metallic plate. 
A considerable degree of sensible heat was produced by friction 
between the wheel and plate when the machine worked, uninsu- 
lated from bodies capable of communicating heat I next pro- 
cured a small piece of ice ; '*' round the superior edge of this a 

any substance fosible at a low temperature, be used ; even iron may be 
fused by collision. 

* The temperature of the ice anH of the surrounding atmosphere at 
the commencement of the experiment was 82^, that of the machine was 
lilcewiso 83*". At the end of the experiment the tempestture of the coldest 
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small canal was made, and filled with water. Hie machine was 
placed on the ice, but not in contact with the water. Thns dis- 
posed, the whole was placed under the receiver (which had been 
preyioosly filled with carbonic acid), a quantity of potash (i. e. 
caustic yegetable alkali) being at the same time introduced. 

The receiver was now exhausted. From the exhaustion and 
from the attraction of the carbonic add gas by the potash, a va- 
cuum nearly perfect, was, I believe, made. 

The machine was now set to work; the wax' rapidly melted, 
proving an increase of temperature. 

Caloric then was collected by friction ; which caloric, on the 
supposition, was communicated by the bodies in contact with the 
machine. In this experiment, ice was the only body in contact 
with the machine. Had this ice given out caloric, the water on 
the top of it must have been frozen. The water on the top of it 
was not fi'ozen, consequently the ice did not give out caloria 
The caloric could not come fix)m the bodies in contact with the 
ice, for it must have passed through the ice to penetrate the ma- 
chine, and an addition of caloric to the ice would have converted 
it into water. 

Heat, when produced by friction, cannot be collected fix)m the 
bodies in contact, and it was proved, by the first experiment, that 
the increase of temperature consequent on fHction cannot arise 
from diminution of capacity or oxydation. But if it be considered 
as matter, it must be produced in one of these modes. 8ince (as 
is demonstrated by these experiments) it is produced in ndther 
of these modes, it cannot be considered as matter. It has there- 
fore been experimentally demonstrated that caloric, or the matt^ 
of heat, does not exist. 

Bolids, by long and violent friction, become expanded, and if 
of a higher temperature than our bodies, affect the sensory organs 
with the peculiar sensation known by the common name of heat. 

part of the madime was near SS"", (hat of the ice and sorroandliig atmo- 
^here the same as at the commencement of the experiment ; so that the 
heat produced by the friction of the different parts of the machine was 
soffioient to raise the temperature of near half a pound of metal at least 
one degree ; and to convert eighteen grains of wax (the quantity employed) 
into a fluid. 
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Since bodies become eipanded by friction, it is evident that 
their corpuscles must moye or separate from each other. 

Now a motion or yibration of the corpuscles of bodies must 
be necessarily generated by friction and percussion. Therefore 
we may reasonably conclude that this motion or vibration is heat, 
or the repulsive power. 

Heat, then, or that power which prevents the actual c^tetact 
of the corpuscles of bodies, and which is th^ cause of our peculiar 
sensations of heat and cold, may be d^ned a peculiar motion^ 
probably a vibration of the corpuscles of bodies, teodiog to 
separate them. It may with propriety be called the repulsive 
motion. 

Since there exists a repulsive motion, the particles of bodies 
may be considered as acted on by two opposing forces ; the ap- 
proximating power, which may (for greater ease of expression) be 
called attraction, and the repulsive motion. The first of these is 
the compound effect of the attraction of cohesion, by which tiie 
particles tend to come in contact with each other ; the attraction 
of gravitation, by which they tend to approximate to the great 
contiguous masses of matter, and the pressure under which they 
exist, dependent on the gravitation of the superincumbent bodies. 

The second is the effect of a peculiar motory or vibratoty im- 
pulse given to them, tending to remove them farther frt)m each 
other, and which can be generated, or rather increased, by friction 
or percussion. The effects of the attraction of cohesion, the great 
approximating cause, on the corpuscles of bodies, is exactly simi- 
lar to that of the attraction of gravitation on the great maisses of 
matter composing the universe, and the repulsive force is analo- 
gous to the planetary projectile force. 

In his * Chemical Philosophy,' pp. 94 and 95, Davy expresses 
himself thus : — *• By a moderate degree of friction, as it would 
appear from Rumford's experiments, the same piece of metal may 
be kept hot for any length of time ; so that, if the heat be pressed 
out, the quantity must be inexhaustible. When any body is 
cooled, it occupies a smaller volume than before ; it is evident, 
therefore, that its parts must have approached each other ; when 
the body has expanded by heat, it is equfdly evident that its 
parts must have separated from each other. The immediate cause 
of the phenomenon of heat, then, is motion, and the laws of its 
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oommimicatioii are precisely the same as the laws of the oommti- 
iiication of motion.' 

Since all matter may be made to fill a smaller space by cool- 
ing, it is evident that the particles of matter mnst hare space be- 
tween them ; and since erery body can communicate the power 
of expansion to a body of a lower temperature— that is, can give 
an ezpansiTe motion to its particles — ^it is a probable inference 
that its own particles are possessed of motion-; but as there is no 
change in the position of its parts, as long as its temperature is 
uniform, the motion, if it exist, must be a vibratory or.undulatory 
motion, or a motion of the particles round their axes, or a nlotion 
of the particles round each other. 

It seems possible to account for all the phenomena of heat, if 
it be supposed that in solids the particles are in a constant state 
of vibratory motion, the particles of the hottest bodies moving 
with the greatest velocity, and through the greatest space ; that 
in fluids and elastic fluids, besides the vibratory motion, which 
must be conceived greatest in the last, the particles have a motion 
round their own axes with different velocity, the particles of 
elastic fluids moving vrith the greatest quickness, and that in 
ethereal substances the particles move round their own axes, and 
separate from each other, penetrating in right lines through space. 
Temperature may be conceived to depend upon the velocity of 
the vibrations ; increase of capacity in the motion being performed 
in greater space ; and the diminution of temperature during the 
conversion of solids into fluids or gases, may be explained on the 
idea of the loss of vibratory motion, in consequence of the revo- 
lation of particles round their axes, at the moment when the body 
becomes fluid or aeriform, or from the loss of rapidity of vibration 
in consequence of the motion of the particles through space. 
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APPENDIX : — ^NOTB ON THE TREYELTAN INSTRUMENT — PHYSICAL PROPERTIES 

OF ICE. 

BEFORE finally qaitting tho subject of expansion, I 
wish to show you an ejq)eriment which iDustrates in a 
curious and agreeable way the conversion of heat into me- 
chanical energy. The fact which I wish to reproduce was 
first observed by a gentleman named Schwartz, in one of 
the smelting works of Saxony. A quantity of silver which 
had been fused in a ladle was allowed to solidify, and to 
hasten its cooling it was turned out upon an anvil. Some 
time afterwards, a strange buzzing sound was heard in the 
locality, and wa^ finally traced to the hot silver, which was 
found quivering upon the anvil. Many years subsequent to 
this, Mr. Arthur Trevelyan chanced to be using a hot sol- 
dering-iron, which he laid by accident against a piece of 
lead. Soon afterwards, his attention was excited by a 
most singular sound which, after some searching, wfis found 
to proceed from the soldering-iron. Like the silver of 
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Sohwartz, the soldering-iron was found in a state of yibra- 
tion. Mr. Trevelyan made his discovery the subject of a 
very interesting inyestigation. He determined the best 
form to be given to the ' rocker ' as the vibrating mass is 
now caDed, and throughout Europe at present this instru- 
ment is known as 'Trevelyan's Instrument.' Since that 
time the subject has engaged the attention of Prof. J. D. 
Forbes^ Dr. Seebeck, Mr. Faraday, M. Sondhaus, and my- 
self ; but to TrlBvelyan and Seebedk we owe most. 

Here is such a rpcker made of brass. Its length, a c 
(fig. 26), is five inches, the width a b, 1*5 in., and the length 
of tibe handle, which terminates in the knob v, is ten inches. 
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A groove runs at the back of the rocker, along its centre ; 
the cross section of the rocker and its groove is given at m. 
I heat the rocker to a temperature somewhat higher than 
that of boiling water, and lay it on this block of lead, al- 
lowing its knob j.,g27. 
to rest upon the 
table. You hear 
a quick succes- 
sion of forcible 
taps. But you 
cannot see the 
oscillations of 
the rocker to 
which the taps 
are due. I 
therefore place 
on it this rod 
of brass, a b (fig. 27), with two balls of brass at its end, 
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the oscillatioiis are thereby rendered much slower, and you 
can easily follow with the eye the pendulous motion of the 
rod and balls. This motion will continue as long as the 
rocker is able to communicate sufficient heat to the carrier 
on which it rests. Thus we render the vibrations slow, but 
I can also render them quick by using a rocker witli a 
wider groove. The sides of Uns rocker do not overhang so 
much as those of the last ; it is virtually a shorter pendu- 
lum, and will vibrate more quickly. Placed upon the lead, 
as before, it commences an unsteady and not altogetJier 
pleasant music. It is still restless, sometimes seeming to 
expostulate, sometimes even to objurgate, as if it disliked 
the treatment to which it is subjected. Now it becomes 
mellow, and fills the room with a dear full note. Its taps 
have become periodic and regular, and have Unked them- 
selves together to produce music. Here is a third rocker, 
with a still wider groove, and v^th it I can obtain a shriller 
tone. You know of course that the pitch of note augments 
with the number of the vibrations; this wide-grooved 
rocker oscillates more quickly, and therefor^emits a higher . 
note. By casting a beam of light upon the ro(^er I obtain 
a better index than the rod and balls. This index is with- 
out weight, and. therefore does not retard the motion of the 
rocker. To the latter I have fastened, by a single screw 
at its centre, a small disk of polished silver ; on which the 
beam of the electric lamp now falls, and is reflected against 
the screen. When the rocker vibrates, the beam vibrates 
also, but with twice the angular velocity, and there you see 
the patch of Dght quivering upon the screen. 

What is the cause of these singular vibrations and 
tones ? They are du^ simply to the sudden expansion by 
heat of the body on which the rocker rests. Whenever the 
hot rocker comes into contact with its lead carrier, a nipple 
suddenly juts from the latter, being produced by the heat 
communicated to the lead at the point of contact. Hie 
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rocker is tilted np, and some other point of it comes into 
contact with the lead, a fresh nipple is produced, and the 
rocker is again tilted. Let a b (lig. 28) be the surface of 
the lead, and b the cross section of the hot rocker ; tilted 
to the right, the nipple is formed as at b ; tilted to the lefl, 
it is formed as at l. The consequence is that until its tem- 

Flg. £8. 
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perature falls sufficiently, the rocker is tossed to and fro, 
and the quick su'ccessidn of its taps against the lead pro- 
duces a musical sound. 

I have here fixed two pieces of sheet lead in a vice ; 
their edges are exposed, and are about half an inch asun- 
der. I balance si long bar of heated brass across the two 
lead edges. It rest^ first on one edge, which expands at 
the point of contact and jerks it upwards ; it then falls upon 
the second edge which also rejects it ; and thus it goes on 
osdUating, and will continue to do so as long as the bar 
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can communicate sufficients heat to the lead. ' This fire-shovel 
will answer quite as well as the prepared bar. I balance 
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the heated Bhovel thus upon the edges of the lead, fmd it 
OBcillates exactly as the bar did (fig. 29). I may add, that 
by properly laying either flie poker or the fire-shovel npon 
a block of lead, supporting the handle so as to avoid Mo- 
tion, yon may obtain notes as sweet and musical as any 
which you have heard to-day. A heated hoop placed 
upon a plate of lead may foe caused to vibrate and sing ; 
and a hot penny-piece or half crown may be caused to 
do the same.* • 

Looked at with an eye to the connecticm of natural 
forces, this experiment is interesting. The atoms of bodiefi 
must be regarded as all but infinitely sn^dl, but then they 
must be regarded as all but infinitely numerous. The aug- 
mentation of the amplitude of any oscillating atom by tlie 
communication of heat, is insensible, but the summation 
of an almost infinite number of such augmentations become 
sensible. Such a summation, effected almost in an in- 
stant, produces our nipple, and tilts the heavy mass of the 
rocker. Here we have a direct conversion of heat into 
common mechanical motion. But the tilted rocker falls 
again by gravity, and in its collision with the block restores 
almost the precise amount of heat which was consumed in 
lifting it. . Here we have the direct conversion of common 
gravitating force into heat. Again the rocker is surrounded 
by a medium capable of being set in motion. The air of 
this room weighs some tons, and every particle of it is 
shaken by the rocker, and every tympanic membrane, and 
every auditory nerve present, is similarly shaken. "Thus we 
have tM conversion of a portion of heat into sound. And, 
finally, every sonorous vibration which speeds through the 
air of this room, and wastes itself upon the walls, seats, 
and cushions, is converted into the form with which the 
cycle of actions commenced — ^namely, into heat. 

* For ftirther mformation see Appendix to this leotore. 
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Here is another cnrions effect, for which we are indebt- 
ed to Mr. George Gore, and which admits of a similar ex- 
planation. You see this line of rails. Two strips of brass, 
8 s, b' b' (fig. 30), are set edgeways, and about an inch 
asunder. I place this hollow metal ball b upon the rails ; 
if I push it, it rolls along them ; but if I do not push 
it, it stands stilL I connect these two rails, by the wires 
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t^ «?', with the two poles of a Voltaic battery. A current 
now passes down one rail to the metal ball, thence along 
die ball to the other rail, and finally back to the battery. 
In passing from the rail to the ball, and from the ball to 
tlie other rail,.the current encounters resistance, and where- 
ever a current encounters resistance, heat is developed. 
Heat, therefore, is generated at the two points of contact 
of the ball with the rails ; and this heat produces an eleva- 
tion of the rail at these points. Observe the effect ; the 
ball which a moment ago was tranquil is now very uneasy. 
It vibrates a little at first without rolling ; now it actually 
rolls a little way, stops, and rolls back again. It gradually 
augments its excursion, now it has gone further than I 
intended : it has quite rolled off the raUs, and injured itself 
by falling on the fioor. 

Here is another /ipparatus for which I am indebted to 
Mr. Gore himself, and in which the rails form a pair of 
concentric hoops ; when the circuit is established, the ball 
F (fig. 31) rolls round the circle.* Mr. Gore has also ob- 
tained the rotation of light balls, by placing them on cir- 

• PhiL Mag., vol. 16, *p. 621. 
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cnlar rails of hot copper, the rolling force in this case 
being the same as the rocking force in the Trevdyan in- 
strument 

In my kst lectore I made evident to yon the expansion 
of water when it passes from the liquid to the solid condi- 
tion; with most other substances solidification is acoom- 
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panied by contraction. I have here a round glass dish into 
which I pour some hot water. Over the water I pour from 
a ladle a quantity of melted bees'-Wax. The wax no|W 
forms a liquid layer nearly half an inch thick above the 
water. We will suffer both water and wax to co<d, and 
when they are cool you will find that the wax which now 
overspreads the entire surface, and is attached all round to 
the glass, will retreat, and we shall finally obtain a cake of 
wax of considerably smaller area than the dish.. 

The wax, then, in passing from the solid to the liquid 
state espands. To assume the liquid form, its particles 
must be pushed more widely apart, a certain play between 
the particles being necessary to the condition of liquidity. 
Now supposing we resist the expansion of the wax by an 
external mechanical force ; suppose we have a very strong 
vessel completely filled with solid wax, and which offers a 
powerful resistance to the expansion of the mass within it ; 
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what would yon expect if yon sought to liquefy the wax in 
this yessel ? When the wax is free; the heat has only to 
conquer the attraction of its own particles, but iiPthe strong 
vessel it has not only to conquer the attraction of the par- 
ticles, but also the resistance offered by the vesseL By a mere 
process of reasoning, We should thus be led to infer that a 
greater amount of heat would be required to melt the wax 
under pressure, than when it is free ; or, in other words, 
that the point of fusion of the wax is elevated by pressure, 
liiis reasoning is completely justified by experiment, not 
only witii wax, but with other substances which contract on 
solidifying, and expand on liquefying. Messrs. Hopkins 
and Fairbaim have, by pressure, raised the melting "point 
of some substaiices which contract considerably on solidify- 
ing as much as 20"" and 30° Fahr. 

These experiments ^^ear on a very remarkable specular 
lion. The earth is known gradually to augment in temper- 
ature as we pierce it deeper, and the depth has been calcu- 
lated at which all known terrestrial bodies would be in a 
state of fusion. Mr. Hopkins, however, observes that 
owing to the enormous pressure of the superincxunbent 
layers, the deeper strata would require a far higher tem- 
.perature to fuse them, than would be necessary to fuse the 
strata near the earth's surface. Hence he infers that the 
solid crust>must have a considerably greater thickness than 
that given by a calculation, which assumed the fusing 
points of the superficial and the deeper strata to be the 
same. 

Now let us turn from wax to ice. Ice, on liquefying, 
eoniracts/ in the arrangement of its atoms to form a solid, 
more room is reqtiired than they need in the neighbouring 
fiquid state. No doubt this is due to crystalline arrange- 
ment ; the attracting poles of the molecules -are so placed 
that when the crystallising force comes into play, the mole- 
cales unite so as to leave larger inter-atomic spaces in the 



llJO LEcrruBB IV. 

mass. We may snppose them to attadi themBelves by their 
comers ; and in turning comer to comer, to cause a reces- 
sion of the atomic centres. At all events their centres re- 
treat from each other when solidification sets in. By cool- 
ings then, this power of retreat, and of consequent enlarge- 
ment of volume, is conferred. It is evident that pressure 
in this case would resist the expansion which is necessary 
to solidification, and hence the tendency of pressure, in the 
case of water, is to keep it liquid. Thus reasoning, we 
should be led to the conclusion that the fusing points of 
substances which expand on solidifying are lowered by 
pressure. 

Professor James Thomson first drew attention to this 
fact, and his theoretic reasonings have been verified by the 
experiments of his brother Professor William Thomson. 

Let us illustrate these principles by a striking experi- 
ment I have here a square pillar of clear ice an inch and 
a half in height and about a square inch in cross section. 
At present the temperature of this ice is 0^ C. But sup- 
pose I subject this ice to pressure, I lower its point of fu- 
sion : the ice under pressure will melt at a temperature 
under 0° C, and hence the temperature which it now poe^ 
sesses is in excess 6f that at which it will melt under pres- 
sure. I have cut this ice so that its planes of freezing are 
perpendicular to the height of the pillar. The direction of 
the stratified air-bubbles in the ice from which this dear 
piece was taken, enabled me to fix at once upon its planes 
of freezing. Well, I place the column of ice, l, upright 
between two slabs of boxwood, b b' (fig. 82), and place the 
whole between the plates of this small hydraulic press ; 
through the ice I send a beam from the electric lamp. In 
front of the ice I place a lens, and by it project a magnifictl 
image of the ice upon the screen before you. The beam 
which passes through the ice has been purified beforehand, 
so that, although it is still hot, its heat is not of such a 
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quality as can melt tbe ioe ; henoe tibie tight passes through 
tiie substanoe without causing fiision. I work the arm of 
the press ; the pillar of ice is now gently squeezed between 
the two slabs of boxwood. ' I iqpply the pressure cautiously, 
and now you see dark streaks beginnmg to show them- 
selves across the ice, at right angles to the direction of 
jvessure. Right in the middle of the mass they are ap- 
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pearing ; and as I continue the pressure, the old streaks 
expand and new ones appear. The entire colmmi is now 
Boarred across by these stri». What are they ? They are 
simply liquid layers foreshortened, and when you examine 
this column and look into it obliquely, you see these sur- 
£m»s. We have liquefied the ice in planes perpendicular to 
the pressure, and these liquid planes interspersed through- 
oot the mass give it this strongly pronoimced laminated 
appearance.'^ 

Whether as a solid, a liquid, or a gas, water is one of 

* See Appendix to this lecture for furt]||r information. 
6 
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the most wonderful substances in nature. Let us consider 
its wonders a little fiirther. At all temperatures above 32^ 
Fahr. or 0^ C^ the motion of heat is sufficient to keep the 
molecules of water from rigid union. But at O'' C. the mo- 
tion becomes so reduced that the atoms then sdze upon 
each other and a^pi'egate to a solid. This union, however, 
is a union according to law. To many persons here present 
this block of ice may seem of no more interest and beauty 
than a block of glass ; but in the estimation of science it 
bears the same relation to glass, that an oratorio of Handel 
does to the cries of a market-place. Tlie ice is music, the 
glass is noise ; the ice is order, the glass is confusion. In 
the glass, molecular forces constitute an inextricably entan- 
gled skein ; in the ice they are woven to a symmetric web ; 
the miraculous texture of which I will now try to reveal. 

How shall I dissect this ice ? In the solar beam,— or, 
failing that, in the beam of an electric lamp, we have an 
anatomist competent to perform this work. I remove tiie 
agent by which this beam was purified in the last experi- 
ment, and .will send the rays direct from the lamp through 
this slab of pellucid ice. It shall pull the crystal edifice to 
pieces by accurately reversing the order of its architecture. 
Silently and symmetrically the crystallizing force builds the 
atoms up, silently and symmetrically the electric beam will 
take them down. I place this slaib of ice in front of the 
lamp, the light of which now pass^ through the ice. Com- • 
pare the beam before it enters with the beam after its pass- 
age through the substance : to the eye there is no sensible 
difference ; the light is scarcely diminished. Not so widi 
the heat. As a thermic agent, the beam, before enteriug, 
is far more powerful than it is after its emergence. A poi^ 
tion of the beam has been arrested in the ice, and that por- 
tion is our working anatomist. Well, what is he doing ? 
I place a lens in front of the ice, and cast a magnified image 
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of the slab apon the screen. Observe that image (fig. 88), 
which, in beauty, falls &r short of the actual effect. Here 
we .have a star and there a star ; and as the action contin- 
ues, the ice appears to resolve itself into stars, each one 
possessing six rays, each one resembling a beautiful flower 
of six petals. And as I shift my lens to and fro, I bring 
new Stan into view, and as the action continues, the edges 
of the petals become serrated, and spread themselves out 
like fern leaves upon the screen. Probably few here pres- 
ent were aware of the beauty latent in a block of conunon 
ice. And only think of lavish Nature operating thus 
throughout the world. Every atom of the solid ice which 
sheets the frozen lakes of the North has been fixed accord- 
ing to this law. Nature * lays her beams in music,' and it 
is the function of science to purify our organs, so as to 
enable us to hear the strain. 

And now I have to draw your attention to two points 
c<mnected vrith this experiment, of great minuteness, but 
of great interest. You see these flowers by transmitted 
light— by the light which has passed through both the 
flowCTS and the ice. But when yon examine th^m, by al- 
lowing a beam to fall upon them and to be reflected from 
them to your eye, you find in the centre of each flower a 
spot whidii shines vrith the lustre of burnished silver. Tou 
might be disposed to think this spot a bubble of air ; but 
you can, by immersing it in hot water, mdt away the ice 
all round the spot 5 and the moment the spot is thus laid 
bare, it collapses, and no trace of a bubble of air is to be 
seen. Hie spot is a vacuum. Observe how truly Nature 
woAb ; observe how rigidly she carries her laws into all 
her operations. We learned in the last lecture, that ice in 
melting contracted, and here we find the fact turning up. 
The water of these flowers cannot fill the space occiq)ied 
by the ice by whose fusion they are produced, hence the 
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prodnctkm of a yacnnni necessarily accompanies the forma- 
tion of every liquid flower. 

When I first observed these beaatifnl figures, I thought 
at the moment when the central spot appeared, like a point 
of light suddenly formed within the ice, that I heard a 
dink, as if the ice had split asunder when the bright spot 
was formed. At first I suspected that it was my imagina- 
tion which associated sound with the appearance of the 
spot, as it is said that people who see meteors often ima- 
gine a .rudiing noise when they really hear n<me. The 
dink, however, was a reality ; and if you will aflow me, I 
will now make this trivial fact a starting point from which 
I will conduct you through a series of interesting phenom- 
ena, to a far-distant question of practical science. 

All water holds a large quantity of air within it in a 
state of solution ; by boiling you may liberate this impris- 
oned air. On heating a flask of water you see ur bubbles 
crowding on its sides long before it boils, and you see the 
bubbles rising through the liquid without condensation, 
and often floating on the top. One of the most remarkable 
effects of this air in the water is, that it promotes the ebul- 
lition of the liquid. It acts as a kind of elastic spring, 
pushing the atoms of the water apart, and thus helping 
them to take the gaseous form. 

Now suppose this air removed ; having lost the cushion 
which separated them, the atoms lock themselves together 
in a far tighter embrace. The cohesion of the water is 
vastly augmented by the removal of the air. Here is a 
glass vessel, the sorcalled water hammer, which contains 
water purged of air. One effect of the withdrawal of the 
elastic buffer is, that the water here faUs with the sound 
of a solid body. Ton hear how the hquid rings agdnst 
the end of the tube when I turn it upside down. Here is 
another tube, abo (fig. 34), bent into the form of a Y, and 
intended to show how the cohesion of the water is affected 
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bj long boiling. I bring this water into one arm of the 
y ; by tilting the tube it flows, as yon, see, freely into the 
other arm. I restore it .to the flrst arm, and now tap the 
end of this arm against the table. You hear, at first, a 
loose and jingling sound. As long as you hear it the wa- 
ter is not in true contact with tibie surface of the tube. I 

Fig. 84. 




continue my tapping : you mark an alteration in the sound ; 
the jingling has disappeared, and the sound is now hard, 
like that of solid against solid.. I now raise my tube. Ob- 
serve what occurs. I turn the column of water upside 
down, but there it stands in a b. Its particles cling so te- 
naciously to the sides of the tube, and lock themselves so 
firmly together, that it refuses to behave like a liquid 
body ; it declines to obey the law of gravity. 

So much for the augmentation of cohesion ; but this 
very cohesion enables the liquid to resist ebullition. • Wa- 
ter thus freed of its air can Ihb raised to a temperature 100^ 
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and more above its ordinary boiling point, without ebulli- 
ti(ML But mark what takes place when the liquid does 
boiL It has an enormous excess of heat stored up ; the 
locked atoms finally part company, but they do so with the 
violence of a spring which suddenly breaks under strong 
tension, and ebullition is converted into explosi<m. For 
the discoveiy of this interesting property of water we are 
indebted to M. Donny, of Ghent. 

Turn we now to our ice : — ^Water, in freezing, complete- 
ly excludes the air from its crystalline architecture. All 
foreign bodies are squeezed out in the act of freezing, and 
ice holds no air in solution. Supposing then that we melt 
a piece of pure ice under conditions where air cannot ap- 
proach k, we have water in its most highly cohesive condi- 
tion ; and such water ought, if heated, to show the effects to 
which I have referred. That it does so has been proved 
by Mr. Faraday. He melted pure ice under spirit of tui? 
pentine, and found that the liquid thus formed could be 
heated far beyofid its boiling point, and that the rupture 
of the liquid, by the act of ebullition, took place with al- 
most explosive violence. And now, let us apply these facts 
to the six-petaled ice-flowers and their little central star. 
They are formed in a place where no air can come. Imag- 
ine the flower forming and gradually augmenting in size. 
The cohesion of the liquid is so great, that it will pull the 
walls of its diamber together, or even expand ita own vol- 
ume, sooner than give way. Bnt as its size augments, the 
space which it tries to occupy becomes too large for it, 
until finally the liquid snaps, a vacuum is formed, and a 
dink is heard. 

Let us now take our final glance at this web of rela- 
tionis. It is very remarkable that a great number of loco- 
motives have exploded on quitting the shed where they 
bad remained for a time quiescent. The number of explo- 
wuB which have occurred just as the engineer turned on 
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the Bteam is quite smprising. Now supposing that a looo- 
motive had been boilixig sufficiently long to expel the air 
contained in its water; thcU liquid woold possess, in a 
greater or less d^ree, the high cohesiye qoality to which I 
have drawn your attention. It is. at least conoeivable that 
while resdng previous to starting on its joumey, an excess 
of heat might be thus stored np in the boiler, afid if stored 
up, the oertain result would be, that the engineer on turn- 
ing on the steam would, by a mechamcal act, produce the 
rupture of the cohesion, and steam of explosive force would 
instantly be generated. I do not say that this is the case ; 
but who*can say that it is not the case. We have been 
dealing throughout with a real agency, whidi is certainly 
competent, if its power be invoked, to produce the most 
terrible e&cts. 

We have here touched on the subject of steam ; let us 
bestow a few minutes' further consideration on its forma- 
tion and action. As you add heat, or in other words, mo- 
tion, to water, the particles from its free surface fly off in 
augmented numbers. We at length aj^roach what is called 
the boiling point of the liquid, where the conversion into 
vapour is not confined to the free surface, but is most co- 
pious at the bottom of the vessel to which the heat is sp- 
plied. When water boils in a glass beaker, the steam is 
seen rising in spheres from the bottom to the top, where it 
often swims for a time, enclosed above by a dome^diaped 
liquid film. Now, to produce these bubbles, certain resist- 
ances must be ov^come. First, w:e have the adhesion of 
the water to the vessel which contains it, and this force 
varies with the substance of the vesseL In the case of a 
glass vessel, for example, the boiling point may be raised 
two or three degrees by adhesion ; while in metal ve^ls 
this is impossible. The adhesion is overcome by fits and 
starts, which may be so augmented by the introduction of 
salts into the liquid, that a loud bumping sound acoompa- 
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nies the ebnllhioii ; Hie detaohment is in some oases so sad- 
den and violent as to cause the liquid to jump bodily out 
oftheressel. 

A second antagomsm to the boiling of the liquid is the 
attraction of the liquid particles for each other, a force 
whidi, as we have seen, may become very powerful when 
the liquid is purged of air. This is not only true of water, 
but of other liquids— of all the ethers and alcohols, for 
example. If we connect a small flask ccmtaining ether or 
alcohol with an air pump, a violent ebullition occurs, in the 
liquid when the pump is first worked ; but after all the air 
has been removed, we may, in many cases, continue to work 
the pump, without producing any sensible ebullition ; the 
free surface alone of the liquid yielding vapour. 

But that steam should exist in bubbles, in the interior 
of a mass of liquid, it must be &ble to resist two other 
things, the we^ht of the water above it, and the weight 
of Uie atmosphere above the water. What the atmosphere 
is competent to do may be thus illustrated. I have here a 
tin vessel containing a little water, which is kept boiling by 
tills small lamp. At the present mom^it all the space above 
the water is filled with steam, which issues from this stop- 
cock. I shut off the cock, withdraw the lamp, and pour 
cold water upon the tin vessel. The steam within it is con^ 
densed, the elastic cushion which pushed the sides outwards 
in opposition to the pressure of the atmosphere is withdrawn, 
and observe the consequence. The sides of the vessel are 
crushed and crumpled up by the atmospheric pressure. 
This pressure amounts to 15 lb. on every square inch: how 
then, can a thing so frail as a bubble of steam exist on the 
surfkce of boiling water ? simply because the elastic force 
of the steam within is exactiy equal to that of the atmos- 
phere without ; the liquid film is pressed between two elas- 
tic cushions which exactly neutralize each other. K the 
steam were predominant, the bubble would burst from 
6* 



130 LBOTDBB IV. 

within oatwardfl ; if the air were predoininant, the bubble 
would be crushed inwardB. Here, then, we have the true 
definition of the boiling point of a liquid. It is that tem- 
perature at which the tension of its yiqpour exactly balances 
the pressure of the atmosphere. 

As we ascend a mountain the pressure of the atmos- 
phere aboYC us diminishes, and the boiling point is corres- 
pondingly lowered. On an August morning, in- 1859 I 
found the temperature of boiling water on the summit of 
Mont Blanc to be 184-05'* Fahr. ; that is, about 27° lower 
than the boiHng point at the sea leveL On August 3, 1858, 
the temperature of boiling water on the summit of the 
Finsteraarhom was 187° Fahr. On August 10, 1858, the 
boiling point on the summit of Monte Rosa was 184*92° 
Fahr. The boiling point on Monte Rosa is shown by these 
observations to be almost the same as it was found to be 
on Mont Blanc, though the latter exceeds the former in 
height by 500 feet. The fluctuations of the barometer are 
however quite sufficient to account for this anomaly. Hie 
lowering of the boiling point is about 1° Fahr. for every 
500 feet that we ascend; and from the temperature at 
which water boils we may approximately infer the eleva- 
tion. It is said that to make good tea in London, boiling 
wifter is essential ; if this be so it is evident that the bever- 
age cannot be procured, in all its excellence, at the higher 
stations in the Alps. 

Let us now make an experiment to illustrate the de- 
pendence of the boiling point on external pressure. Here 
is a flask, f (fig. 85), containing water ; here is another and 
a much larger one, o, from which I have had the air re- 
moved by an air pump. The two flasks are connected to- 
gether by a system of cocks, which enables me to establish 
a communication between them. The water in the small 
flask has been kept boiling for some time, the steam geur 
erated escaping from the cook y. I now remove the spirit 
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lamp and turn this cock so as to shut OHt the air. The 
water ceases to boil, and pure steam now fills the flask 
aboye it. Give the water time to cool a little. At inter- 
vals yon see a babble of steam rising, because the pressure 
of the vapour above is gradually, becoming less through its 
slow condensation. I hasten the condensation by pouring 
cold water on the flask, the bubbles are more copiously 
generated. By plunging l)ie flask bodily into cold water 
we might cause it to boil violently. The water is now at 

Fig. 80. 




rest and some degrees below its ordinary boiling point. I 
turn this cock c, which opens a way for the escape of the 
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Taponr into the ezhaosted vessd o ; the momeot the pres- 
sure is diminished ebnllitioii sets in in f ; and observe how 
the condensed steam showers in a kind of rain againrt the 
sides of the exhausted vesseL Bj intentionatty promoting 
this condensation, and thereby preventing the vapour in the 
large flask from reaotmgupon the surface of the water, we 
can keep the small flask bubbling and boiling for a ocmeid* 
erable Idigth of time. 

By high heating, the elastic force of steam beccHnes 
enormous. The Marquis of Worcester burst cannon with 
it, and our calamitous boiler explosions are so many illus- 
trations of its power. By the skill of man this mighty 
agent has been ccmtroUed : by it Denis Papin raised a pis- 
ton, which was pressed down again by die atmosphere, 
when the steam was condensed ; Savery and Neweomen 
turned it to practical account, and James Watt completed 
the grand application of the moving power of heat. Push- 
ing the piston up by steam, whiles the space above the pis- 
ton is in commTmication with a condeiiser or with the free 
air, and again pushing down the piston, while the space 
below it is in communication with a condenser or with 
the air, we obtain a simple to and fro motion, whidi, by 
mechanical arrangements, may be made to take any form 
we please. 

But the grand principle of the conservation of force is 
illustrated here as elsewhere. For every stroke of work 
done by the steam-engine, for every pound that it lifts, and 
for every wheel that it sets in motion, an equivalent of heat 
disappears. A ton of coal furnishes by its combustion a 
certain definite amount of heat. Let this quantity of coal 
be applied to work a steam-engine ; and let all the heat 
communicated to the machine and the condenser, and all 
the heat lost by radiation and by contact with the air be 
collected ; it would fall short of the amount produced by 
the simple combustion of the ton of coal, and it would &I1 
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sbort of it by an amount exactly equivalent to the quantity 
of work performed. Suppose that work to consist in lifb- 
ing a weight of 7,720 lbs. a foot high ; the heat produced 
by the coal would fall short of its mftTimi^Tn^ by a quantity 
just sufficient to warm a pound of water lO"". 

But my object in these lectures is to deal with nature 
rather than art, and the limits of our time compel me 
to pass quickly oyer the triumphs of man's skill in the 
aj^licatiim of steam to the purposes of life. Those who 
have walked through the workshops of Woolwich, or 
through any of our great factories where machinery is ez- 
tensiyely employed, will have been sufficiently impressed 
with the aid which this great power renders to xnan. And 
be it remembered, every wheel which revolves, every chis- 
el, and plane, and saw, and punch, which forces its way 
dirough solid iron as if it were so much cheese, derives its 
moving energy from the clashing atoms in the furnace. 
The motion of these atoms is communicated to the boiler, 
thence to the water, whose particles are shaken asunder, 
and fly from each other with a repellent energy commen- 
surate with the heat communicated. The steam is simply 
the apparatus through the intermediation of which the 
atomia motion is converted into the mechanical. And the 
motion thus generated can reproduce its parent. Look at 
the planing tools ; look at the boring instruments — streams 
of water gush over them to keep them cool. Take up the 
curled iron shavings which the planing tool has pared off: 
yon cannot hold them in your hand they are s6 hot. Here 
the moving force is restored to its first form ; the energy 
of ibe' machine has been consumed in reproducing the 
power fnHn whidi that energy was derived. 

I must now direct your attention to a natural steam- 
engine whidi long held a place among the wonders of the 
world. I allude to the Great Geyser of Iceland. The sur- 
&oe of Iceland gradually slopes frcwn the coast towards the 



184 LBOTDBB ly. 

centre, where the general level is about 2,000 feet above 
the sea. On thiB,*a8 a pedestal, are planted the JdkoU or 
ic^ moontams, which extend both ways in a north-easteri j 
direction. Along this chain occur the active volcanoes of 
the island, and the thermal springs follow the same genend 
direction. From the ridges and chasms which diverge from 
the mountains enormous masses of steam issue at intervals 
hissing and roaring ; and when the escape occurs at the 
mouth of a cavern, the resonance of fl&e cave often raises 
the sound to the loudness of thunder. Lower down in the 
more porous^strata we have smoking mud pools, where a 
repulsive blue-black aluminous paste is boiled, rimng at 
times in hugh bubbles, which, on bursting, scatter their 
slimy spray to a height of fifteen or twenty feet. Prom 
the bases of the hills upwards extend the glaciers, and 
above these are the snow-fields which crown the summits. 
From the arches and fissures of the glaciers vast masses 
of water issue, falling at times in cascades over walls of 
ice, and spreading for miles over the country before they 
find definite outlet. Extensive morasses are thus formed, 
which add their comfortless monotony to the dismal scene 
already before the traveller's eye. Intercepted by the 
cracks and fissures of the land, a portion of this water finds 
its way to the heated rocks underneath ; and here, meeting 
with the volcanic gases which traverse these underground 
regions, both travel together, to issue, at the first conve 
nient opportunity, either as an eruption of steam or a bdt 
ing spring. * 

The most famous of these springs is the Great Geyser. 
It consists of a tube 74 feet deep and 10 feet in diamet^. 
The tube is surmounted by a basin, which measures from 
north to south 62 feet across, and from east to west 60 
feet. The interior of the tube and basin is coated with a 
beautiful smooth siliceous plaster, so hard as to resist 
the blows of a hammer, and the first question is, how was 
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this wonderftil tube constiticted — hofw was this perfect 
plaster laid on ? Chemical analysis, shows that the water 
holds silica in solution, and the conjecture might therefore 
arise that the water had deposited the silica against the. 
sides of the tube and basm. But this is not the case : the 
water deposits no sediment ; no matter how long it may be 
kept, no solid substance is separated from it. It may be 
bottled up and preserved for years as dear as crystal, with- 
out showing the slightest tendency to form a precipitate. 
To answer the question in this way would moreover assume 
that the shaft was formed by some foreign agency, and 
that the water mierely lined it. The geyser basin, however, 
rests upon the summit of a mound about 40 feet high, and 
it is evident, from mere inspection, that the mound has 
been deposited by the geyser; But in building up this 
mound the spring must have formed the tube which per- 
forates the mound, and hence the conclusion that the gey- 
ser is the architect of its own tube. 

If we place a quantity of the geyser water in an evapor- 
ating basin the following takes place : In the centre of the 
basin the liquid deposits nothing, but at the sides, where 
it is drawn up by capillary attraction, and thus subjected 
to speedy evaporation, we find silica deposited. Round 
the edge a ring of silica is laid on, and not until the evapo- 
ration has continued a considerable time do we find the 
slightest turbidity in the middle of the water. This exper- 
iment is the microscopic representant of what occurs in 
Iceland. Imagine the case of a simple thermal siliceous 
q)ring, whose waters trickle down a gentle incline ; the * 
water thus exposed evaporates speedily, and silica is de- 
posited. Thy deposit gradually etevates the side over 
which the water passes until finally the latter has to take 
another course. The same takes place here, the ground is 
devated as before and the spring has to move forward. 
Thus it is compelled to travel round and roxmd, discharg- 
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ii^ its silica and deq>ening the shaft in whidi it dwells, 
until finaDy, in the course of ages, the simple spring has 
produced that wonderful apparatus which has so long puz- 
zled and astonished both the traveller and the philosopher. 

Freyious to an eruption, both the tube and basin are 
filled with hot water ; detonations which shake the ground, 
are heard at intervals, and each is succeeded by a violent 
agitation of the water in the basin. The water in the pipe 
is lifted up so as to form an eminence in the middle of the 
basin, and an overflow is the consequence. These detona- 
tions are evidently due to the production of steam in the 
ducts which feed the geyser tube, which steam escaping 
into the cooler water of the tube is there suddenly con- 
densed, and produces the explosions. Professor Bunsen 
succeeded in determining the temperature of the geyser 
tube, from top to bottom, a few minutes before a great 
eruption; and these observations revealed the extraordi- 
nary fact, that at no part of the tube did the water reach 
its boiling point. In the annexed sketch (fig. 36) I have 
given, on one side, the temperatures actually observed, and 
on the other side the temperatures at which water would 
boil, taking into account both the pressure of the atoios- 
phere and the pressure of the superincumbent column of 
water. The nearest approach to the boiling point is at a, 
a height of 30 feet from the bottom ; but evei^ here the 
water is 2^ Centigrade, or more than 3t° Fahr. below the 
temperature at which it could boil. How then is it pos- 
sible that an eruption could occur under such drcum- 
Btances? 

Fix your attention upon the water at the point a; 
where the temperature is within 2° G. of theJ[>oiling point 
Call to mind the lifdng of the colunm when the detona- 
tions are heard. Let us suppose that by the entrance of 
^team from the ducts near the bottom of the tube, the 
geyser column is elevated 6 feet, a height quite within the 
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limits of actual obserratibn ; the water at a is thereby 
transferred to b. Its boiling point at a is 123*8% and its 
actaal temperature 121*8°-; but at b its boiling point is 
only 120*8°^ hence, when transferred from a to b the heat 
which it possesses is in excess of that necessary to make it 
b(HL This excess of heat is instantly applied to the fen- 
eration of steam : the colmnn is thus lifted higher, and the 
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water below is further relieved. More steam is generated ; 
from the middle downwards the mass suddenly bursts into 
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ebullition, the water above, mixed -with steam clouds, is 
projected into the atmosphere, and we have the geyser 
eruption in all its grandeur. 

Bj its contact with the air the water is cooled, falls 
back into the basin, partially refills the tube, in which it 
gradually rises, and finally fills the basin as before. Deto- 
nations are heard at intervals, and risings of the water in. 
the basin. These are so many futile attempts at an erup- 
tion, for not until the water in the tube comes sufficiently 
near its boiling temperature, to make the lifting of the col- 
umn effective, <»ui we have a true eruption. 

To Bunsen we owe this beautiful theory, and now let 
us try to justify it by experiment. Here is a tube of gal- 
vanized iron, 6 feet long, a b (fig. 3"?), and surmounted by 
this basin c d. It is heated by a fire 
underneath ; and to imitate as far as 
possible the condition of the geyser, 
I have endrcled the tube by a second 
fire F, at a height of 2 feet from the 
bottouL Doubtless the high tem- 
perature of the water at the corres- 
ponding part of the geyser tube is 
due to a local action of the heated 
TodkB. I fin the tube with water, 
whidi gradually becomes heated ; and 
regularly, every five minutes, the wa- 
ter is ejected from the tube into the 
atmosi^ere. 

But there is another famous spring 
in Iceland, calle^^the Strokkur, which 
is usuaDy forced to explode by stop- 
jring its mouth with clods. We can 
imitate the action of this spring by 
stopping the mouth of our tube a b with a cork. I do 
so : and now the heating progresses. The steam below 
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will finally attuin sufficient tension to eject the cork, and 
the water, suddenly relieyed from ^e preasnre, will 
burst forth in the atmosphere. There it goes I The 
ceiling of this room is nearly 30 feet from the floor^ but 
the empticm has reached the ceiling, from whidi the 
water now drips plentifully. In fig. 38, I have given a 
section of the Strokkut. 

By stopping the tube with corks, through which tubes 
of yarious lengths and widths pass, the action of many of 
the other eruptive springs may be accurately imitated. 
Here, for example, I have an intermittdit action; dis- 
charges of water and impetuous steam gushes follow each 
other in quick succession, the water being squirted in jets 
15 or 20 feet high. Thus, it is proved experimentally, 
that the geyser tube itself is th6 sufficient cause of the 
eruptions, and we are relieved from the necessity of ima- 
gining underground caverns filled with water and steam, 
which were formerly regarded as necessary to the produc- 
tion of these wonderful phenomena. 

A moment's reflection will suggest to us that there 
must be a limit to the operations of the geyser. When 
the tube has reached such an altitude that the water in the 
depths below, owing to the increased pressure, cannot at- 
tain its boiling point, the eruptions of necessity cease. The 
spring, however, continues to deposit its silica, and often 
forms a I/mg or cistern. Some of those in Icdand afe 40 
feet deep. Their beauty, according to Bunsen, is inde^ 
scribable ; over the surface curls a light vapour, the water 
is of the purest azure, and tints with its lovely hue the fan- 
tastic incrustations on the cistern walls ; while, at the bot- 
tom, is often seen the mouth of the once nughty geyser. 
There are in Iceland va^t, but now extinct, geyser opera- 
tions. Mounds are observed whose shafts are filled with 
rubbish, the water having forced a passage underneath and 
retired to other scenes of action. We have in fact the 
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geyser in its 7011th, manhood, old age, and death, here pre- 
setted to ns. In its youth, as a simple thermal spring ; in 
its manhood, as the eruptive column ; in its old age, as the 
tranquil Laug ; while its death is recorded by the ruined 
shaft and mound which testify the fact of its once active 
existence. 
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ABSTRACT OP. A LECTUEE ON THE VIBRATION AND TONES PBO- 
DUCED BY THE CX)NTACT OF BODIES OF DIFFERENT TEMPEE- 
ATURES. 

[Given at the Boyal InttUution on Friday, January 27, 1854.] 

Lf the year 1805, M. Schwartz, an inspector of one of the 
smelting works in Baxony, placed a cnpHshaped mass of hot silver 
upon a cold anvil, and was surprised to find that musical tones 
proceeded from the mass. In the autumn of the same year, Pro- 
fessor Gilbert of Berlin visited the smelting works and repeated 
the experiment. He observed, that the sounds were a^ccompanied 
by a quivering of the hot silver, and that when the vibrations 
ceased, the sound ceased also. Professor Gilbert merely stated the 
facts, and made no attempt to explain them. 

In the year 1829, Mr. Arthur Trevelyan, being engaged in 
spreading pitch with a hot plastering iron, and once observing 
that the iron was too hot for his purpose, he laid it slantiiigly 
against a block of lead which chanced to be at hand ; a shrill 
note, which he compared to that of the chanter of the small 
Northumberland pipes, proceeded from the mass, and, on nearer 
inspection, he observed that the heated iron was in a state of vi- 
bration. He was induced by Dr. Reid of Edinburgh to pursue 
the subject, and the results of his numerous experiments were 
subsequently printed in the Transactions of the Boyal Society of 
Edinburgh. 

On April 1, 1881, these singular sounds and vibrations formed 
the subject of a Friday evening discourse by Professor Faraday at 
the Royal Institution, Professor Faraday expanded and ftother 
established the explanation of the sounds given by Mr. Trevelyan 



GENEBAL LAWS OF PBOFEB60B F0BBE8. 148 

and Sir John Leslie. He referred them to the tapping of the hot 
mass against the cold one underneath it, the taps being in many 
cases sufficiently quick to produce a high musical note. The al- 
ternate expansion and contraction of the cold mass at the points 
where the hot rocker descends upon it, he regarded as the sus- 
taining power of the Tibrations. The superiority of lead he as- 
cribed to its great expansibility, combined with its feeble power 
of conduction, which latter preyented the heat from being quick- 
ly diffused through the mass. 

Professor J. D. Forbes of Edinburgh was present at this lec- 
ture, and not feeling satisfied with the explanation, undertook the 
&rther examination of the subject ; his results are described in 
a highly ingenious paper communicated to the Royal Society of 
Edinburgh in 1883. He rcgects the explanation supported by 
Professor Faraday, and refers the yibrations to ^ a new species of 
mechanical agency in heat ' — a repulsion exercised by the heat 
itself on passing from a good conductor to a bad one. This con- 
clusion is based upon a number of general laws established by 
Professor Forbes. If these laws be correct, then indeed a great 
step has been taken towards a knowledge of the intimate nature 
of heat itself, and this consideration was the lecturer's principal 
stimulus in resuming the examination of the subject. 

- He had already made some experiments, ignorant that the sub- 
ject had been larther treated by Seebeck, untU informed of the 
&ct by Professor Magntts of Berlin. On reading Seebeek's inter- 
esting paper, he found that many of the results which it was his 
intention to seek had been already obtained. The portion of the 
subject which remained untouched was, howerer, of sufficient in- 
terest to induce him to prosecute his original intention. 

The general laws of Professor Forbes were submitted in succes- 
sion to an experimental examination. The first of these laws 
affirms that ' the wbratiom neoer tak& place between tuMances of the 
mime nature.'^ This the lecturer found to be generally the case when 
the hot rocker rested upon a Nocky or on the edge of a thick plate 
of the same metal ; but the case was quite altered when a thin 
plate of metal was used. Thus a copper rocker laid upon the 
edge of a penny-piece did not vibrate permanently ; but when the 
coin was beaten out 4)y a hammer, so as to present a thin sharp 
edge, constant vibrations were obtained. A silver rocker resting 
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nediig on the edge of a hal^crown refilled to Tlbnte penn^^ 
bat on the edge of a WTpence continnomi Tibratians woe obtained. 
An iron rocker on the edge of a dinner knife gave continuous ¥i- 
brationfl. A flat brass rocker placed npon the points of two com- 
mon brass pins, and haying its handle suitably siq^j^orted, gave 
distinct yibrations. In these experiments tbe plates and pins 
were fixed in a vice, and it was fooRd that the thinner the pUte) 
within its limits of rigidity, the more certain and Btriking was the 
effect Yibrations were thus obtained with iron <ni iron, copper 
on coi^>er, brass on brass, sine aa sine, silTer on alYer, tui on 
tin. The list might be extended, but the esses cited are 8ofl3dent 
to show that the proposition aboye cited cannot be regarded as 
expressing a 'general law.' 

The second general law emmdated by Professor Forbes ia, that 
^MhiiditUmemfnudlemeUaiie.^ Thisis the law which first at- 
tracted the lectorer's attention. Boring the progress of a kindred 
enquiry, he had discoyered that certain non-metallic bodies are 
endowed with powers of conduction Deur hi^^ber than has been 
hitherto supposed, and the thought occurred to him that such 
bodies might, by suitable treatment, be made to siq>ply the place 
of metals in the production of yibrations. This antidpatkm was 
realized. Bocks of silyer, copper^ and brass, pUced upon the 
natural edge of a prism of rock crystal, gaye distinct tones; on 
the clean edge of a cube of fluor spar, the tones were still more 
musical ; on a mass of rock-salt the yibrations were yeiy foocible. 
There is scarcely a substance, metallic or non-metallic, on whidi 
yibrations can be obtained with greater ease and certainty than 
on rock-salt In most cases a high temperature is necessary to 
the production of the tones, but in the case of rock-^salt the tem- 
perature need not exceed that of the blood. A new and singular 
property is thus found to belong to this already remarkable sub- 
stance. It is needless to enter into a full statement regarding the 
yarious minerals submitted to eiqperiment * Upwards of twemty 
non-metallic substances had been examined by the lecturer, and 
distinct yibrations obtained with eyery one of them. 

The number of exceptions here exhiMted fiir exceeds that of 
the substances which are mentioned in the paper of Professor 
Forbes, and are,it was imagined, sufficient to show that the seo* 
ond goaeral law is tmtenable. 
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Hie tbhd genenl law states, that Hhe tibraU&ni take place 
vUk an wtemUy proporUonai (within certain limits) to t^ (?(2f^ 
enee qf the eoTiduetin^ ptnoers of the metaU for heaty th^ hanng 

£te least conducting power, leing noeessarilff the coldest.^ The evi- 
dence adduced against the first law appears to destroy this one 
also ; for if the intensity of the Tibrations be proportional to the 
^fference of the conducting powers, then, where there is no such 
difference, there ought to be no vilnrations. But it has been 
pioved in half a dozen cases, that vibrations occnr between difier- 
eat i»eoe8 of the same metaL The condition stated by Professor 
Forbes was, however, reversed. Silver stands at the head of con- 
dnctoiB ; a strip of the metal was fixed in a yice, and hot rockers 
of brass, copper, and iron, were successively laid upon its edge : 
distinct vibrations were obtained with all of them. Yibrations 
were also obtained with a brass rocker which rested on the edge 
of a half-floverdgn. These and other experiments show that it is 
not necessary that the worst conductor should be the cold metal, 
as affirmed in the third general law above quoted. Among the 
metals, antimony and bismuth were found perfectly inert by 
Professor Forbes; the lecturer however had obtained musiod 
tones from both of these substances. 

The superiority of lead as a cold block. Professor Faraday, as 
already stated, referred to its high expansibility, combined with 
its deficient conducting power. Against this notion, which he 
considers to be * an obvious oversight,' Professor Forbes contends 
in an ingenious and apparently unanswerable manner. The vi- 
brations, he urges, depend upon the difference of temperature 
existing between the rocker and the block ; if the latter be a bad 
conductor and retain the heat at its surface, the tendency is to 
bring both the sur&ces in contact to the same temperature, and 
thus to stop the vibration instead of exalting it. Farther : the 
greater the quantity of heat transmitted from the rocker to the 
block during contact, the greater must be the expansion ; and 
hence, if the vibrations be due to this cause, the effect must be a 
maximum when the block is the best conductor possible. But 
Professor Forbes, in this argument, seems to have used the term 
expansion in two different senses. The expansion which produces 
the vibration is the sudden upheaval of the point where the 
hot rocker comes in contact witti the cold mass underneath : but 
7 
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the ezpuidon due to good conduction would be an expanaon of 
the general mass. Imagine the conductive power of the block to 
be infinite — ^that is to say, that the heat imparted by the rocker is 
instantly^ diffused equally throu^out the block; then, though 
the general expansion might be yeiy great, the local expansion at 
the point of contact would be wanting, and no yibratidns would 
be possible. The inevitable consequence of good conduction ifi, 
to cause a sudden abstraction of the heat from the point of con- 
tact of the rocker with the substance imdemeath, and this the 
lecturer conceived to be the precise reason why Professor Porbes 
had failed to obtain vibrations when the cold metal was a good 
conductor. He made use of Uo^ and the abstraction of heat 
from the place of contact by the circumjacent mass of metal, was 
so sudden as to extinguish the local elevation on which the vibra- 
tions depend. In the experiments described by the lecturer, this 
abstraction was to a great extent avoided, by reducing the metal- 
lic masses to thin laminae ; and thus the very experiments adduced 
by Professor iPorbes against the theory supported by Professor 
Faraday, appear, when duly considered, to be conterted into 
strong corroborative proofs of the correctnesB of the views of the 
philosopher last mentioned. 



EXTBACT FBOM A PAFEB ON BOMS PHYSICAL PB0PEBTIE8 OF 

ICE.* 

In a very interesting paper communicated to the British Asso- 
ciation during its last meeting, Mr. James Thomson has exphdned 
the freezing together of two pieces of ice at 82° Fahr., in the fol- 
lowing manner : — * The two pieces of ice, on being pressed to- 
gether at their point of contact, will at that place, in virtue of the 
pressure, be in part liquefied and reduced in temperature, and the 
cold evolved in their liquefaction will cause some of the liquid 
film intervening between the two masses to freeze.' 

I am far from denying the operation under proper drcum- 
stances of the vera cau9a to which Mr. Thomson refers, but I do 

• Phil Trans., 1868, p. 225. 
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not think it explabs the &cts. For fireezing tnkes place without 
the intervention of any pressure by which Mr. Thomson's eflTect 
coold sensibly come into play. 

It is not necessary to sqneease the pieces of ice together ; one 
bit may be simply laid upon the other, and they will still tteeze. 
Other sabetances besides ice are also capable of being frozen to 
the ice. If a towel be folded round a piece of ice at 82^ the towel 
and ice will freeze togetiier. Fhmnel is still better ; a piece of 
flann^ wrapped round a piece of ice, freezes to it sometimes so 
firinly that a strong tearing force is necessary to separate both. 
Cotton, wool, and hair may also be frozen to ice, witiioot the in- 
tervention of any pressure which would render Mr. Thomson's 
cause sensibly active. 

But there is a class of efiOscts to the explanation of which the 
lowering of the freezing point of water, by pressure, may, I think, 
be properly applied. The following statement is true of fifty ex- 
periments, or more, made vrith ice from various quarters. A cyl- 
inder of ice, two inches high and an inch in diameter, was placed 
between two slabs of box-wood, and submitted to a gradually 
increasing pressure. Looked at perpendicularly to the axis, 
cloudy lines were seen drawing themselves across tiie cylinder ; 
and when the latter was looked at obliquely, these lines were 
found to be sections of dim hazy surfaces which traversed the 
cylinder, and gave it an appearance closely resembling that of a 
crystal of gypsum whose planes of cleavage had been forced out 
of optical contact by some external force. 

Fig. 89 represents the cylinder looked at perpendicularly to 
its axis, and fig. 40 the same cylinder when looked at obliquely. 
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To aaoertain whether the rapture of optical contact irhich 
these experimmts diacloied waa doe to the intmsion of air be- 
tween two separated sarfaces of ice, a cylinder of ice, two inches 
long and one inch wide, was placed in a copper yessel containing 
ice-cold water. The ice cylinder projected half an inch aboye the 
Boi&ce of the water. Placing the copper yessel on a slab of 
wood, and a second slab of wood upon the cylinder of ice, the 
whde was subjected to pressure. When the hazy snrfiuses were 
well deyeloped in the portion of ice aboye the water, the cylinder 
was remoyed and examined. The planes of rapture ext^ided 
throoghoot the entire length of the cylinder, jast the same as it 
had been sqaeeioed in free air. 

Still the remoyal of the cylinder from its yessel might be at- 
tended with the intmsion of air into the fissures. I therefore 
placed a cylinder o£ ice, two inches long and one inch wide, in a 
stout yessel -of glass, which was filled with ice-cold water. 8quees- 
ing the whole, as in the last experiment, the sur&ces of discontin- 
uity were seen vnder the liquid quite as distinctly as in air. 

The surfaces are due to compreedozi, and not to any tearing 
asunder of the mass by tension, and they are best deyeloped 
where the pressure, within the limits of figure, is a maximnm. 
A cylindrical piece of ice, one of whose ends was not parallel to 
the other, was placed between slabs of wood and subjected to 
pressure. Fig. 41 shows the disposition of the experiment. The 



Pig. 41. 
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effect upon the ice-cylinder was that shown in fig. 42, the sa^ 
faces being deyeloped along that side which had suffered the 
pressure. 
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Sometimes the sai&ces commence at the centre of the cylin- 
der. A dim small spot is first observed, which, as the pressure 
continues, expands until it sometimes embraces the entire trans- 
Terse section of the cylinder. 

On examining these surfaces with a pocket lens, they appeared 
' to me to be composed of yery minute water-parcels, like what is 
produced upoil a smooth cold surface by the act of breathing. 
Were they either vacuous plates, or plates filled with air, tiieip 
aspect would, on optical grounds, be far more vivid than it really 
was. 

A concave mirror was so disposed, that the diffosed light of 
day was thrown fbU upon the cylinder while under pressure. 
Observing the expanding surfaces through a lens, they appeared 
in a state of intense commotion ; this was probably due to the 
molecular tensions of the little water-parcels. This motion fol- 
lowed closely on the edge of the sur&ce as it advanced through 
the solid ice. Once or twice I observed the hazy surfiw^s pio- 
neered through the mass by dim ofi&hoots apparently liquid. 
They constituted a kind of negative crystallization, having the 
exact form of the crystalline spines and spurs produced by the 
congelation of water upon a sur&ce of glass. I have no doubt, 
then, that these surfaces are produced by the lique&ction of the 
solid in planes perpendicidar to the direction of pressure. 

The surfaces are developed with great facility when they cor- 
respond to the surfiuses of fireezing. By care I succeeded in some 
cases in producing similar effects in surfaces at right angles to the 
planes of fireezing, but this was difficult and uncertain. Wherever 
the liquid disks before described were observed, the surfaces were 
always easily developed in the planes of the disks. 



LECTURE V. 

[February 20, 1862.] 

APPLICATION or THE DYNAMICAL TBSORT TO THl PHENOXXXA OP SPECUIC 
AND LATENT HKAT— DXPINITION OP ENVROT: POTENTIAL AND DTNAMIO 
SNEBOT — ^ENERGY OP MOLECULAR rORCE8-*EZPERIMENTAL ILLUSTRA- 
TIONS OP 8PECIPIC AND LATENT HEAT — MECHANICAL TALUES OP THE 
ACTS OP COMBINATION, CONDENSATION, AND CONGELATION IN THE CASE 
OP WATER — SOLID CARBONIC ACID— THE SPHEROIDAL STATE OP LIQini»— 
PLOATINO OP SPHEROID ON ITS OWN TAPOUR — ^PREEZUTO 07 WATER AND 
MERCURY IN A RED-HOT CRUCIBLE. 

"rTT"HENEVER a difficult expedition is undertaken in 
VV the Alps, the experienced mountaineer commences 
the day at a slow pace, so that when the real hour of trial 
arrives, he may find himself hardened instead of exhausted 
by his previous work. We, to-day, are about to enter on 
a difficult ascent, and I propose that we conunence it in the 
same spirit ; not with a fiush of enthusiasm which the 
necessity of labour extinguishes, but with patient and 
determined hearts which will not recoil should a difficulty 
arise. 

I have here a lead weight attached to a string which 
passes over a pulley at the top of the room. We know 
that the earth and the weight are mutually attractive ; the 
weight now rests upon the earth and exerts a certdn press- 
ure upon its surface. The earth and the weight here 
touch each other; their mutual attractions are as far as 
possible satisfied, and motion by their mutual approach is 
no longer possible. As far as the attraction of gravity is 
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concerned, the possibility of prodacing motion ceases as 
soon as the two attracting bodies are actually in contact. 

I draw np this weight. It is now suspended at a height 
of sixteen feet, above the floor ; it is just ad motionless as 
when it rested on the floor ; but by introducing a space 
between the floor and it, I entirely change the condition 
of tJie weight. By raising it I have conferred upon it a 
motion-producing power. There is now an action possible 
to it, which was not possible when it rested upon the earth ; 
it can faUy and in its descent can turn a machine or per- 
form other work. .It has do energy as it hangs there dead 
and motionless ; but energy is possible to it, and we might 
fairly use the term possible energy^ to express this power 
of motion which the weight possesses, but which has not 
yet been exercised by falling ; or we might call it ' poten- 
tial energy,' as some eminent men have already done. This 
potential energy is derived, in the case before us, from the 
pull of gravity, which pull, however, has not yet eventuated 
in motion. But I now let the string go ; the weight falls, 
and readies Hie earth's surface with a velocity of thirty-two 
feet a second. At every moment of descent it was pulled 
down by gravity, and its final moving force ha the summa- 
tion of the pulls. While in the act of falling, the energy 
of the weight is active. It may be called (ictrial energy, in 
antithesis to possible; or it may be called dynamic energy, 
in antithesis to potential^ or we might call the energy with 
which the weight descends moving force. Do not be inat- 
tentive to these points ; we must be able promptly to dis- 
tinguish between energy in store and energy in action. 
Once for all then, let us take the terms of Mr. Rankine, 
and call the energy in store ^ potential,' and the energy in 
action ^actuaL'* If, after this, I should use the terms 

' * HelmhoHz, in his admirable memoir on *Die Erfaaltung der Kraft/ 
(1847), dtTided all energy into Tennon and vi$ viva, (Spannkr&fte and 
Lebendige Krftfte.) 
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* possible energy/ or * dynamic energy,* or * moving foree,' 
you will have no difBcnlty in affixing the exact idea to these 
terms. And remember exactness is here essentiaL We 
most not now tolerate yagoeness in our oonc^tions. 

Our weight started from a height of sixteen feet ; let 
us fix our attention upon it after it has accomplished the 
first foot of its fdL The total poll, if I may nse the term, 
to be expended on it has been then diminished by the 
amount expended in its passing through the first foot. At 
the height of fifteen feet it has one foot less of potential 
energy than it possessed at the height of sixteen feet, but 
at the he^ht of fifteen feet it has got an equivalent amount 
of dynamic or actual energy which, if reyersed in directi<m, 
would raise it again to its primitive height. Hence as po- 
tential energy disappears, dynamic en^gy comes into play. 
27ir<yughout the tmivene the eum of these two enef^fies is 
constant. 

It is as yet too early to refer to organic processes, but 
could we observe the molecular condition of my arm as I 
drew up that weight, it would be seen that in accomplish- 
ing this mechanical act, an equivalent amount of some 
other form of motion was ccmsumed. If the weight were 
raised by common heat, a portion of heat would disappear 
exactly equivalent to the work done. The weight is about 
one pound, and to raise it sixteen feet would consume as 
much heat as would raise the temperature of a cubic foot 
of air about 1** F. Conversely, this quantity of heat would 
be generated by the falling of the w^ght fromji height of 
sixteen feet. It is easy to see that, if the force of gravity 
were immensely greater than it is, an immensely greater 
amount of heat would haye to be expended to raise tiie 
weight. The greater the attraction, the greater would be 
the amount of heat necessary to overcome it ; but conversely, 
the greater would be the amount of heat which a falling 
body would then develope by its collision with the earth. 
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Haying made ortr minds clear that heat is oonBmned 
when a weight is forcibly separated from the earth by this 
agent, and that the amount of heat consmned depends on 
the energy of the attracting force orercome, we must torn 
these conceptions, regarding sensible masses, to accomit, 
in forming concepticms regarding insensible masses. As 
an intellectual act it is quite as easy to conceive of the sep- 
aration of two mutuaQy attracting atoms^ as to ccmceive of 
the separation of the earth and weight. I haye already 
had occasion to refer more than once to the energy of 
molecular forces, and here I haye to return to the subject. 
Closely locked together as they are, the at<Hns of bodies, 
tiiough we cannot suppose them to be in contact,* exert 
enormous attractions. It would require an almost incred- 
ible amount of ordinary tnechanical force to widen the dis- 
tances interv^iing between the atoms of any solid or liquid, 
60 as to increase the yolume of the solid or liquid in any 
considerable degree. It would also require a force of great 
magnitude to squeeze the particles of a liquid or solid to- 
gether, so as to make the body less in size. I have yainly 
tried to augment the density of a soft metal by pressure 
Water, for example, which yields so freely to die hand 
plunged in it, was for a long time regarded as absolutely 
incompressible. Great force was brought to bear upon it ; 
but sooner than shrink sensibly, it oozed through the pores 
of the metal vessel which contained it^ and spread like a 
dew on the surface.* By refined and powerful means we 

* I hare to thank mj friend, Mr. Spedding, for the following extract 
in rrferenoe to this experiment : — 

^Now it 18 certain that rarer bodies (saoh as air) allow a oonsiderablo 
degree of contraction, as has been stated ; not that tangible bodies (such as 
water) suffer compression with much greater difficulty and to a less extent. 
How far they do suffer it, I have inyestigated in the following experiment: 
I had a hollow globe of lead made capable of holding about two pints, and 
soffidentlj thick to bear considerable force ; haying made a hole in it, I 
7* 



154 UBOTDBB y. 

can now oompress water, but tiie foroe i^cesBiuy-to aooom- 
plish thiB is very great 

When we wish to oyercome molecular forces we rnnflt 
attack them by their peers. Heat aoocmipliBhes what me- 
^>i<miftal eaevgjj as generally wielded, is incompetent to 
perform. Bodies when heated expand, and to efkct this 
expansion their molecular attractions must be overocxDe. 
In masses equally large this is a work, in oompariBon with 
which the erection of the Egyptian pyramids dwindles to 
the labour of mites ; and where tbe^attractions to be over- 
come are so vast, we may infer that the quantity of heat 
necessary to overcome them will be commensurate. 

And now I must ask your entire attention. I' hold in 

filled it with water, and then stopped up the bole with melted lead, so that 
the globe became quite solid. I then flattened the two opposite ades of the 
globe .with a heavy hammer, by which the water was necessarily contracted 
into leas space, a sphere being the figure of largest capacity ; and when the 
hammering had no more effect in making the water shrink, I made use of 
a mill or press; till the water, impatient of further pressure, exuded 
through the solid lead like a fine dew. I then computed the space lost bj 
the compression, and concluded that this was the extent of compreokm 
which the water had suffered, but only when constrained by great Tidence.' 
(Bacon*s Novum Organum published in 1620 : voL \y, 209 of the tnnala- 
tion.) Note by R. Leslie Ellis, toL i. p. 824.— This is perhaps Ae moat 
remarkable of Bacon's experiments, and it is singular tiiat it was so little 
spoken of by subsequent writers. Neariy fifty years after the produoto 
of the ** NoYum Organum,^ an account of a similar experiment was public 
ed by Megalotti, who was secretary of the Academia del Cimonto at Flo^ 
ence ; and it has since been familiarly known as the Florentine experiment 
I quote his account of it, " Facemmo lavorai"," ' Ac 

The writer goes on to remaric that the absolute inoompreasibilitj ^ 
water is not proTed by this experiment, but merely that it is not to be com- 
pressed m the manner des<»ibed ; but the experiment is on other greimdfl 
inoondusiye. 

It is to be remembered that Leibnitz (* Nouveaux Essais *) in mentioning 
the Florentine experiment, says that the globe was of gold (p. 229 Erd- 
mann), whereas the Florentine academidans expressly say. why they pr^ 
ferred silver to either gold or lead. 
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my hand a himp of lead ; suj^pose I commimicate a certain 
amount of heat to the lead, how is that heat disposed of 
within the substance ? It is applied to two distinct pur- 
poses — ^it performs two diJQferent kinds of work. One por- 
1i<Hi of it imparts that species of motion which raises the 
temperature of the lead, and which is sensible to the ther- 
UMHneter ; but anoti^er portion of it goes to force the atoms 
of die lead into new positions, and this portion is lost as 
heoL Hie pushing asunder of the atoms of the lead in 
this case, in opposition to their mutual attractions, is exact- 
ly analogous to the raising of our weight in opposition to 
the force of gravity. Let me try to make the comparison 
between the two actions still more strict ; suppose that I 
have a definite amount of force to be expended on our 
wdght, and that I divide this force into two portions, one 
of which I devote to the actual raising of the weight, while 
I employ the other to cause the weight, as it ascends, to 
osdUate, or revolve, like a pendulum or governor, and to 
osdUate, moreover, with gradually augmented energy ; we 
have, then, the analogue of that which occurs when heat is 
imparted to the lead. The atoms are pushed apart, but 
during their recession they vibrate, or revolve, with grad- 
ually augmented intensity. Thus the heat conmiunicated 
to itke lead resolves itself, in part, into atomic potential 
energy, and in part into a kind of atomic music, the music- 
al part alone being competent to act upon our thermome- 
ters or to affect our nerves. 

In this case, then, the heat accomplishes what we may 
call interior work;* it performs work within the body 
heated, by forcing its particles to take up new positions. 
When the body cools, the forces which were overcome in 
the process of heating come into play, and the heat which 
was consumed by the forcing asunder of the atoms is now 
restored by the drawing together of the atoms. 

* See ^ excellent memoiis of Claodna in the FhUoeophical Magazine. 
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Chemists have determinod the rektiTe weights of the 
atoms of different snbstanoes. Calling the weight of a hy- 
drogen atom 1, the weight of an oxygen atom, jon know, 
is 16. . Hence to make up a pomid weight of hydrogen, 
sixteen times the number of atoms contained in a poond 
of oxygen wotdd be necessary. The nmnber of atoms re- 
quired to make np a pound is eyidently inversely propor- 
tional to the atomic weight. We here i^proach a very 
delicate and important p<Hnt. The experimaits of Dnlong 
and P6tit, and of MM. Regnaolt and Nenmaan, render it 
extremely probable that all elementary atoms, great and 
small, light and heavy, whai at the same temperature, 
possess the same amount of the energy which we call heat, 
the lighter atoms making good by velocity what Aey want 
in mass. Thus, each of the atoms of hydrogen has the 
same moving* energy as an atom of oxygen at the same 
temperature. But, inasmuch as a pound weight of hydro- 
gen contiuns sixteen times the number of atoms, it moBt 
abo contain sixteen times the amount of heat possessed by 
a pound of oxygen, at the same temperature. 

From this it follows that to raise a pound of hydrogen, 
a certsdn number of degrees in temperature— say from 60° 
to 60** — ^would require sixteen times the amount of heat 
needed by a pound of oxygen under the same circum- 
stances. ConvjBrsely, a pound of hydrogen, in falling 
through 10°, would yield sixteen times the amount of heat 
yielded by a pound of oxygen, in falling through the same 
number of degrees. 

In oxygen and hydrogen we have no sensible amoimt 
of * interior work,' to be performed ; there are no mdecor 
lar attractions of sensible magnitude to be overcome. But 
in solid and liquid bodies, besides the differences due to 
the number of atoms present in the unit of weight, we have 
also differences due to the consumption of heat in interior 
work. Hence it is clear that the amount of heat which 
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different bodies contain is not- at all declared hj their tem- 
perature. To raise a pound of water, for example, 1**, 
would require thirty times the amount of heat necessary to 
raise a pound of mercury 1**. Conversely, Hie pound of 
water, in falling through 1**, would yield up thirty times 
the amount of heat yielded up by the pound of mercury. 

Let me illustrate, by a simple experiment, the differ- 
ences which exist between bodies, as to the quantity of 
heat which they contain. I have here a cake of beeswax 
six inches in diameter and half an inch thick. Here I have 
a vessel containing oil, which is now at a temperature of 
180^ C In the hot oil I have immersed a number of balls 
of different metals — of iron, lead, bismuth, tin and copper. 
At present they all possess the same temperature, namely, 
that of the oil. Well, I lift them out of the oil, and place 
them upon this cake of wax c d 
(fig. 43), which is supported by ^^ ^ 

ihe ring of a retort-stand ; they 
melt the wax underneath and 
sink in it. But I see that they 
are sinking with different ve- 
locities. The iron and the cop- 
per are working themselves 
much more vigorously into the 
fusible mass than the others; the 
tin comes next, while the lead 
and the bismuth lag entirely be- 
hind. There goes the iron dean 
through, the copper follows ; I 
can see the bottom of the tin 
ball just peeping through the lower surface of tixe cake, 
but it cannot go farther ; while the lead and bismuth have 
made but little way, being unable to sink to much more 
than half the depth of the cake. 

Supposing, then, I take equal weights of different sub- 
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Btaneea, heat them all (say to 100°) and thendetennine the 
exact amouxKt of heat which each of them gives oat k 
oooHng from lOO"" to 0% I should find very difTerent 
amomits of heat for tho different substances. How could 
this proUem be solved? It has been solved by eminent 
men by observing the time which a body requires to cooL 
Of course the greater the amount of heat possessed and 
generated by itis atoms, the longer would the body take to 
cooL The relative quantities of heat yielded up b^ differ- 
ent bodies have also been determined by plunging them, 
when heated, into cold water, and observing the gain on 
the one hand and 4he loss on the other. The problem has 
also been solved by observing the quantities of ice whidi 
different bodies can liquefy, in fallmg- from 212*^ Fahr. to 
32'', or from lOO'' C. to 0"". These different methods have 
given concordant results. Calling the amount of heat given 
out by a pound of water, in smking through one d^ree of 
temperature, unity, the foUowiiig numbers express the 
amount of heat given out by a poxmd weight of each of the 
substances whose names are annexed. 



Water 






. 1-0000 


Sulphur 






. 0-2026 


Arsenic 






. 0-0814 


Antimonj . 






. 0-0608 


Bismuth 






. 0-0808 


Zmo . 






. 0-0966 


Cadmium 






. 0-0667 


Tm . 






. 0-0562 


Lead . 






. 0-0§14 


Iron .' 






. 0-1188 


Cobalt 






. 0-lOYO 


Kickel 






. 0-1086 


Copper 






. 0-0V61 


Mercury 






. 0-0888 


Silver. 






. 0-0670 


Gold . 






. 0-0824 


Kiayt^fiyir^ 






. 0-0824 
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A moment's inspection of this table e:q)Iains why it is 
that, in the case of iron and copper, om* balls melted 
throogh the wax, while the lead and bismuth balls were in- 
competent to do so ; it will also be seen that tin here occit' 
pies the position which we shoxdd assign to it from tiie ex- 
periment with the cake of wax ; water, we see, stands at 
the head of alL 

Eadi of these numbers denotes what has been hitherto 
called the ^ specific heat ' or the ^ capacity for heat ' of the 
substance to which it is attadied. As I stated in a former 
lecture, those who hold that heat is a fluid, explained tliese 
differences by saying that some substances had a greater 
store of this fluid than others. We may, without harm, 
continue to u^ the term *• specific heat ' or ^ capacity fOT 
heat ; ' now that we know the true nature of the actions 
covered by the term. 

The energy of the forces engaged in this atomic motion 
and interior work, as measured by any ordinary mechanical 
standard, is enormous. I have here & pound of iron, which 
on being heated from 32^ to 212*^ F. expands by about rivth 
of the Yolume which it possesses at 32°. Its augmentation 
of volume would certainly escape the most acute eye ; still 
to give its atoms the motion corresponding to tiiis aug- 
mentation of ^temperature, and to shift them through the 
small space indicated, an amount of heat is requisite which 
would raise about eight tons one foot high. Gravity al- 
most vanishes in comparison with these molecular forces ; 
the puU of the earth upon the pound weight, as a mass, is 
as nothing compared with the mutual pull of its own mole- 
cules. Water Aimishes a still subtier example. Water 
expands on both sides of 4° C. or 39° F. ; at 4° C. it has its 
maximTmi density. Suppose a pound of water heated from 
3^° C. to 4^° C. — ^that is, 1° — ^its volume at both temperar 
tures is the same ; there has been no forcing asxmder what- 
ever of the atomic centres, and still, tiiough the volume is 
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miduuigecl, an amoont of heat has been imparted to the 
water, sufficient, if medianically applied, to raise a weight 
of 1390 Ibfl. a foot high. The interior work done here by 
the heat can be nothing more than the turning round of 
the atoms of water. It separates the attracting poles of 
the atoms hj a tangential movement, but leaves their cen- 
tres at the same distance asunder first and last. The con- 
ceptions with which I h^e deal, may not be easy to those 
unaccustomed to such studies, but they are capable of per- 
fect clearness of realization to all who have the patience to 
dwell upon them sufficiently long. 

This is the place to note further, that there are descrip* 
tions of interior work different from that of pushing the 
atoms more widely apart. Enormous interior work may 
be accomplished while the atoms, instead of being pushed 
apart, as a whole, approach each other. Polar forces — 
forces emanating from distinct points, and acting in dis- 
tinct directions, give to crystals their symmetry, and the 
overcoming of these forces, while it necessitates a con- 
sumption of heat, may also be accompanied by a diminu- 
tion of volume. This is illustrated by the deportment of 
both ice and bkmuth on liquefying. I could readily 
sketch a systemof atoms illustrative of this position, but 
every instructed mind will be able to imagine such combi- 
nations for itself. 

The high specific heat of water has one important bear- 
ing which I do not wish to pass over here. • Comparing 
eqitcU ioeights^ the specific heat of "water being 1% that of 
air is about 0*26. Hence a pound of water in losing 1® of 
temperature, would warm 4 lbs. of air 1°. But water is 
770 times heavier than air; hence, comparing eqvud vol- 
umes^ a* cubic foot of water in losing 1** of temperature 
would raise 770 X 4 = 3080 cubic feet of air l"*. 

The vast influence which the ocean must exert as a 
moderator of climate here suggests itself. The heat of 
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Slimmer is stored up in the ocean, and slowly ^ven out 
dmJDg the winter. Hence one cause of the absence of 
extremes in an island climate. The summers of the island 
can nerer attain the fervid heat of the continental summer, 
nor can the winter of the island be so severe as the conti- 
nental wintCT. In various parts of the continent fruits 
grow which our summers cannot ripen ; but in these same 
parts our evergreens are unknown ; for they cannot live 
through tiie winters. The winter of Iceland is, as a gen- 
eral rule, milder than that of Lombardy. 

We have hitherto confined our attention to the heat 
consmned in the molecular changes of solid and liquid 
bodies while these bodies continue solid and liquid. We 
shall now direct our attention to the phenomena which ao- 
company changes of the state of aggregation. When suffi- 
ciently heated, a solid melts, and when sufficiently heated, 
a liquid assumes the form of gas. -Let us take the case of 
ice, and trace it through the entire cycle. This Mock of 
ice has now a temperature of 20^ F. I warm it ; a ther- 
mometer fixed in it rises to 32% and at this point the ice 
begins to melt ;• the thermcHnetrio column, which rose pre- 
vio<iiaIy, is now arrested in its march, and becomes perfectly 
stationary. I continue to apply warmth, but there is no 
augmentation of temperature ; and not till all the solid has 
been reduced to liquid does the thermometer resume its 
motioB. It is now agun ascaiding ; it reaches 100% 200% 
212'^ : here steam-bubbles show themselves in the liquid ; 
it boils, and from this point onwards the thermometer re- 
mains stationary s^ 212^ 

Bat during the melting of the ice and during the evap- 
oration of the water, heat is incessantly cbnmiunicated : to 
siiiq>ly liquefy the ice, as much heat has been imparted to 
it as would raise the same weight of water 143° Fahr., or 
^ would nuse 143 times the weight 1° F. in temperature ; 
and to convert a pound of water at 212° into a pound of 
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Bteam at the same temperature, 967 times as mneh heat is 
required as would raise a pound of water 1^ in temperature. 
The former number, 143^, represents what has been hither- 
to called the latent heat of water ; and the latter number, 
967"^, represents the latent heat of steam. It was manifest 
to those who first used these terms, that, throughout the 
entire time of mdting, and throughout the entire lime of 
boiling, heat was oommunicated; but inasmuch as this heat 
was not revealed by the thermometer, the fiction was in- 
yented that it was rendered latent. The fluid of heat hid 
itself in some unknown way in the interstitial spaces of the 
water and of the steam. According to our present theory, 
the heat expended in melting is consumed in conferrii^ 
potential energy upon the atoms. It is virtually the liAxog 
of a weight. So likewise as regards the steam, the heat is 
consumed in pulling the liquid molecules asunder, confer- 
ring upon, them a still greater amount of potential energy ; 
and when the heat is withdrawn, the vapour condenses and 
the molecules again dash with a dynamic energy equal to 
that which was employed to separate them, and the precise 
quantity of heat then consumed now reappears. 

The act of liquefaction consists of interior work ex- 
pended in moving the atoms into, new positicms. The act 
of vaporisation is also, for the most part, interior woik ; io 
whiph however must be added the external work performed 
in the expanuon of the vapour, which notakes place for it- 
self by forcing back the atmosphere. 

We are indebted to the eminent man to whom I have 
referred so often, for the first accurate determinations of 
the calorific power of fueL * Bumford estimated the cal- 
orific power of a body by the number of parts, by weight, 
of water, which one part, by weight, of the body wouM, 
on perfect combustion, nuse 1^ Iq temperature. Thus one 
part, by weight, of charcoal, in combining with 2f parts 
of oxygen to form carbonic add, will evolve heat sufBdfflit 
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to rafae the temperature of about 8,000 parta by weight of 
water 1° €• Snnilarlj, one pound of hydrogen, in com- 
bining with eight pounds of oxygen to form water, will 
raise 34,000 lbs. of water 1° C. The rdative calorific pow- 
ers, therefore, of carbon and hydrogen are as 8 : 34.** 
The recent refined researches of Favre and Silbermann en- 
tirely confirm the determinations of Rumford. 

Let us, then, fix our attention upon this wonderful sub- 
stance, water, and trace it through the various stages of 
its existence. First we have its constituents as &ee atoms, 
which attract each other, fall, and clash together. The 
mechanical value of this atomic act is easily determined ; 
knowing the number of foot-pounds corresponding to the 
heating of 1 lb. of water 1° C, we can readily calculate the 
number of foot-pounds equivalent to the heating of 34,000 
lbs. of water 1° G. Multiplying the latter number by 
l,390,f we find that the concussion of our 1 lb. of hydrogen 
wth.8 lbs. of oxygen is equal, in mechanical value, to the 
raising of forty-seven million pounds one foot high ! I 
think I did not overrate matters when I said that the force 
of gravity,^ as exerted near the eiurth, was almost a vanish- 
ing quantity, in comparison with these molecular forces ; 
and bear in mind the distances whi(^ separate the atoms 
before combination— distances so small as to be utterly 
immeasurable ; still it is in passing over these distances 
that the atoms acquire a velocity sufficient to cause them 
to dash with the tremendous energy indicated by the above 
numbers. 

After combination tiie substance is in a state of vapour, 
which ranks to 212°, and afterwards condenses to water. 
In the first instance the atoms fell together to form the 
compound ; in the next iastance the molecules of the com- 

* Percy's Metiflurgy, p. 68. 

t '772 foot-pounds bdng the mechankial eqaiTalent for 1^ R, 1,890 
footixmnds is the equivalent for 1** 0. 
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pound fall together to form a liquid. Hie mechanical Talr 
ue of this act is also easily calculated : 9 lbs. of steam in 
falling to water, generate an amomit of heat snffici^it to 
raise 967 X 9 = 8,703 lbs. of water 1° F. Multiplying 
this number by 772, we have a product of 6,718,716 foot- 
pounds as the mechanical value of the mere act of conden- 
sation.* The next great fall of our 9 lbs. of water is from 
the state of liquid to that of ice, and the mechanical value 
of this act is equal to 993,564 foot-pounds. Thus our 9 
lbs. of water, in its origin and progress, faDs down three 
great precipices : the first fall is equivalent to the descent 
of a ton weight urged by gravity down a precipoe 22,320 
feet high ; the second fall is equal to that of a ton down 
a precipice 2,900 feet high ; and the third is equal to the 
descent of a t<m down a precipice 433 feet high. I 
have seen the wild stone^ivalanches of the Alps, whidi 
smoke and thunder down the declivities with a vehonence 
almost sufficient to stun the observer. I have also seen 
snow-flakes descending so softly as not to hurt the fragile 
spangles of which they were composed ; yet to produce, 
from aqueous vapour, a quantity of that tender material 
which a child could carry, demands an exertion of energy 
competent to gather up the shattered blocks of the largest 
stone-avalanche I have ever seen, and pitch them to twice 
the height from which ttey fell. 

I will now relieve the strain which I have Idtherto put 
upon your attention, by introducing a few experimental 
illustrations of the calorific effects which accompany the 
change of aggregation. I place my thermo-electric pile 
thus upon its back on the table, and on its naked face I 

* In Rmnford^s experiments the heat of condensation iras included m 
his estimate of calorific power ; deducting the above number from thai 
found for the chemical union of the hydrogen and oxygen, forty millions of 
foot-pounds would still remain as the mechanical yaloe of the i^ of oonr 
.bination. 
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place this thin silver basin, b (fig. 44), into which I poor a 
quantity of water slightly warmed, ^e needle of the gain 
vaDometer moves to 90^, and remains permanently deflected 
to 70"^. I now place a little powdered nitre, not more than 
can fit upon a l^iree-penny piece, in the basin, and allow it 
to dissolve. I had placed the nitre previously before the 
fire, so that not only was the liquid warm, but the solid 
powder vras also warm. Observe the effect of their mix- 



Fig. 44. 




tore ! The nitre dissolves in the water ; and to produce 
this change, all the heat which both the water and the nitre 
possess, in excess of the temperature of this room, is con- 
sumed, and, indeed, a great deal more. The needle, you 
see, sinks not only to zero, but goes strongly up at the 
other side, showing that now the face of the pile is power- 
fully chilled. 

I remove the basin, pour the liquid out, and resupply it 
with warm water, into which I introduce a pinch of com- 
mwi salt. The needle was at 70° when the salt was intro- 
duced : it is now sinking, reaches zero, and goes up on the 
side which indicates cold. But the action is not at all so 
strong as in the case of saltpetre. The reason is that the 
amount of interior work required by the salt, and which 
necessitates the consumption of heat, is much less than that 
demanded by the nitre. As regards latent heat, then, we 
have differences similar to those which we have already 
illustrated as regards specific heat. Again, I cleanse the 
basin, put fresh water in it, and put a little sugar in the 
water ; the amount of heat absorbed in the solution of the 
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Biigar is sensible, the liquid is chilled, but the amount of 
chilling is mnch less than in either of the former cases. 
Thos, when you sweeten your hot tea, you cool it in the 
most philosophical manner; when you put salt in yonr 
soup, you do the same ; and if you were concerned with the 
act of cooling alone, and careless of the flavour of yonr 
soup, you might hasten its refrigeration by adding saltpetre. 
In a former lecture I made use of a mixture of pounded 
ice and salt to obtain great cold. Both the salt and the ice 
when they are thus mixed together, change their Btste of 
aggregation ; the amount of interior work is here bo great, 
that during its performance the temperature of the mix- 
ture sinks 80° Fahr., and more, below the freezing point 
of water. Here is a nest of watch-glasses which I have 
wrapped in tinfoil, and immersed in a mixture of ice and salt 
Into each watch-glass I had poured a little water, in which 
the next glass rested. They are now all frozen together to 
a solid cylinder, by the cold of this mixture of ice and salt. 
I will now reverse the process, and endeaTOur to flhov 
you the heat developed in pass- 
ing from the liquid to the boM 
state. But first let me show yon 
that heat is rendered latent when 
sulphate of soda is dissolved. I 
experiment with the BubBtanoe 
exactly as I experimented yn\k 
the nitre, and you see, that as the 
crystals melt in the water thepilc 
ischilled. And now for the com- 
plementary experiment This 
large glass bolt-head b (fifr ^ 
with this long neck, is now B^ 
with a solution of sulphate ofso- 
da. Yesterday Mr. Anderson 
dissolved the substance in a pa'' 
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over our laboratory fire, and ISUed this bolt4iead with the 
solution. He then covered the top carefully with a piece 
of bladder^ and placed the bottle behind this table, where 
it has remained undisturbed throughout the night. 

The liquid is, at the present moment, supersaturated 
with sulphate of soda. When the water was hot, it melted 
m<»re than it could melt when cold. But now the tempera- 
tare has sunk much lower than that which corresponds to 
the point of saturation. Tliis state of things is secured by 
keying the solution perfectly stiU, and permitting nothing 
to flail into it. Water, kept thus still, may be cooled many 
degrees below its freezing point. Some of you may have 
noticed the water *in your jugs, after a cold winter night, 
suddenly freeze on being poured out in the morning. In 
cold climates this ii^ not unc(xnmon. Well, the particles of 
sulphate of soda in this solution are on the brink of a preci- 
pice, and I can push them over it, by simply dropping a 
small crystal of the substance, not larger than a grain of 
sand, into the solution. Observe what takes place; the 
bottle now contains a clear liquid ; I drop the bit of crys- 
tal in, it does not sink ; the molecules have closed round it 
to form a solid in which it is now embedded.' The passage 
of tiie atoms from a state of freedom to a state of bondage 
goes on quite graduaDy ; you see the solidification extend- 
ing down the neck of the bottle. Observe where I have 
placed my thermo-electric pile P. Its naked face rests 
against the convex surface of the bottle, and the needle of 
the galvanometer points to zero. The process of crystalli- 
sation has not yet reached the liquid in front of the pile, 
but you see it approaching. It is now solidified opposite 
the pile, and mark the effect. The atoms, in falling to the 
solid form, develope heat ; this heat communicates itself to 
the glass envelope, the glass envelope warms the pile, an^ 
the needle, as you see, flies to W^. The quantity of heat 
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thns rendered senmble by solidification is exactly equal to 
that whidi was rendered latent by liqnefaction. 

We have, in these experiments, dealt with the latent 
heat of liquids { let me now direct your attention to a few 
experiments illustrative of What has been called the latent 
heat of yaponrs — ^in other words, the heat oonsamed m 
conferring potential energy, wh^ a body passes firom tiie 
liquid to the gaseous state. As before, I turn my pile upoi 
its back with its naked face upwards, and on this face I 
place the silver basin already used, into which I have 
poured a small quantity of a volatile liquid, whidi I ha?e 
purposely warmed. ' The needle now moves, indicatiiig 
heat. .But scarcely has it attained 90^ when it toiDfl 
promptly, descends to 0^, and flies with violence up on tbe 
side of cold. The liquid here used is sulphuric ether ; it is 
very volatile, and the speed of its evaporation is sudi that 
it consumes, rapidly, the heat at first conmiunicated to )t, 
and then abstracts heat from the face of the pile. I re* 
move the ether, and supply its place by alcohol, slightly 
warm ; the needle, as before, goes up on the side of h^ 
But wait a moment ; I will use these small bellows to pro- 
mote the evaporation of the alcohol ; now yon see the nee- 
dle descending, and now it is up at 90° on the side of cold. 
Water is not nearly so volatile as idcohol, still I can stow 
the absorption of heat by the evaporation of water also. 
We use a kind of pottery for holding water, whidi admits 
of a slight percolation of the liquid, so as to canse a kind 
of dewiness on the external surface. Evaporation goes on 
from that surface, and the heat necessary to this work, 
being drawn in great part from the water within, keeps it 
cooL Butters-coolers are made on the same principle. 

To show you the extent to which refrigeration may be 
Carried by the evaporation of water, I have here an instm- 
ment (fig. 46), by which water is frozen, through the sim- 
ple abstraction of its heat by its own vapour. The instru- 
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ment is called the cryophoruSj or ice-oarrier, and it was 
invented by Dr. WoUaston. It is made in this way — a lit- 
tle water is put into one of these bulbs ; the other bnlb, b, 
when softened by heat, had a tube drawn out from it with 
a noinute aperture at the end. Well, the water was boiled 
in A, and steam was produced, until it had chased all the 
air away through the smaU'f^rture in the distant bulb. 
When the bulbs and connecting tube were filled with pure 
steam^ the small orifice was sealed with a blow-pipe. Here, 

Fig. 46. 





then, we have water and its vapour, with scarcely a trace 
of air. You hear how the liquid rings, exactly as it does in 
the case of the water-hammer. 

I turn all the liquid into one bulb, a, which I dip into 
an empty glass to protect it from currents of air. The 
empty bulb, b, I plunge into a freeadng mixture ; thus, the 
yaptar which escapes from the liquid in the bulb, a, is con- 
densed by the cold, to water, in b. This condensation 
permits of the formation of new quantities of vapour. As 
the evaporation continues, the water which supplies the 
vapour becomes more and more chilled. In a quarter of 
an hour, or twenty minutes, it will be converted into a 
cake of ice. Here is the opalescent solid formed in a sec- 
ond instrument, which you* saw me arranging before the 
commencement of the lecture. The whole process consists 
in the uncompensated transfer or motion from the one bulb 
to the other. 

8 
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B«t the most striking example of the oonsimiptaoa of 
heat in changing the state of aggregation is Ainuehed hj 
the substanoe which I have imprisoned in this strong iron 
bottle. This bottle contains carbonic add, liquefied 1^ 
enormous pressure. The substance you know b a gas under 
ordinary ciroumstuices ; here is a jar full of it, which, 
though it manifests its nature by extinguishing a tap^, is 
not to be distingiiished, by the eye, from common air. 
When the cock attached to the iron bottle is turned, Ae 
pressure which acts upon the gas is rdieyed, the liquid 
boils— flashes, as it were, suddenly into gas, which rushes 
from the orifice with impetuous force. But you can see 
tibis current of gas ; mixed up with it you see a white sub- 
stance, which is now blown against me, to a distance of 
eight or ten feet, through the air. What is thk white 
substance ? It is carbonic acid snow. The cold produced 
in passing from the liquid to the gaseous statctis so intense 
that a portion of the carbonic acid is actually frozen to f<»in 
this snow, and mingles in small flakes with the isesing 
stream of gas. I can collect this snow in a suitable vesseL 
Here is a cylindrical box with two hollow handles, through 
which I will allow the gas to pass. Right and left you see 
the streams, but a large portion of the frozen mass is re- 
tained in the box. I open it, and you see it filled widi this 
perfectly white carbonic acid snow. 

The solid very gradually disappears ; its conversion into 
vapour is slow, because it can only sl6wly collect from suiv 
rounding substances the heat necessary to vaporise it Yo« 
can handle it freely, but not press it too much, lest it diould 
bum you. It is cold enough to bum the hand. I plunge 
a piece of it into water, and hold it there : you see bubUes 
rising through the water — ^these are pure carbonic acid gasL 
I collect this gas, and show you that it possesses all the- 
properties of the gas as commonly prepared. The sc^id 
acid does not melt in the water ; when I release it» it rises 
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to ti» sorfaoe, and floats upon it. I pat a bit of the add 
into m7 month, taldng oare not to inhale while it is there. 
I breathe against this candle ; my breath extinguishes the 
flame. Before the condosion of the lecture, I will show 
yon ho^ it is possible to preserve so cold a body in the 
month without injury. A piece of iron of equal coldness 
woidd do smous damage. 

Here, then, we hare a solid body intensdy cold, which, 
howeyer, does not chill bodies ia contact with it, as it 
might be expected to do. In fact, no real contact has been 
egtabtishftd with the add. Water, we see, will not dissolve 
it, but sulphurio edier will ; and by pouring a quantity of 
lliis ether on the snow, I obtain a pasty mass, which has 
an enormous power of refrigeration. Here I have some 
ttiick and irregular masses of glass — ^the feet, in fact, of 
drinking-glasses. I place a portion of the solid add on 
tfaem, and wet it witii ether ; you hear the glass crack ; it 
has been shattered by the contraction produced by the in- 
tenaeoold. 

In this basin I spread a little paper, and over the paper 
I pour a pound or two of mercury ; on the mercury I place 
some solid carbonic add, and over the add I pour a littie 
edier. Mercury, you know, requires- a very low tempera- 
ture to freeze it. Well, here it is frozen ; I turn it out be- 
fore you, a solid mass ; I can hammer the solid ; I can also 
cut it with a knife. To enable me to lift the mercury out 
of the basin, I have dipped tiiis wire into it ; by this I 
raise it, and pfamge it into a glass jar containiug water. It 
liquefies, imd showers downwards tiiroi^h the water ; but 
every fillet of mercury freezes the water with whidi it 
comes into contact, and thus round each fillet is formed a 
tube of ice, through which you can see the liquid metal 
descending. These experiments might be multiplied al- 
most indefinitdy ; but enough, I trust, has been shown to 
illustrate our present subject. 
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I have now to direct jour attention to another and veacj 
singular class of phenomena, connected with the prodactioa 
of vapour. Here is a broad porcelain basin, b (fig. 47), 
filled with hot water. Here is a silver basin, s, which I 
now heat to redness. If I place the silver basin id tJie hot 
water, what will occur ? You might naturally reply, that 

the basin will impart its 
excess of heat instantly to 
the water, and be cooled 
down to the temperature 
of the latter. But nothing 
of this kind occurs. The 
basin for a time developes 
a sufficient amount of 
vapour underneath it, to 
lifl it entirely out of contact with the water.; or, in the lan- 
guage of the hypothesis, developed in our third lecture, it 
is lifted by the discharge of molecular projectiles against its 
under surface. This will go on until the temperature of 
the basin sinks, and it is no longer able to produce vapour 
of sufficient tension to support it. Then it comes into con- 
tact with the water, and the ordinary hbsing of a hot 
metal, together with the doud which forms overhead, de- 
clares the fact. 

I now reverse the experiment, and instead of placing 
the basin in the water, I place the water in the basin — first 
of all, however, heating the latter to redness by a lamp. 
You hear no noise of ebullition, no hissing of the water as 
I pour it into the hot basin ; the drop rolls about on its 
own vapour — ^that is to say, it is sustained by the recoil of 
the molecular projectiles discharged from its under surface. 
I withdraw the lamp, and allow the basin to cool, until it is 
no longer able to produce vapour strong enough to support 
the drop. The liquid then touches the metal ; the instant 
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it does 80, Tiolent ebullition sets in, and the cloud which 
yon now observe forms above the basin. 

You cannot, from your present position, see this flat- 
tened spheroid rolling about in the hot basin, but I can 
Bhow it to you, and, ir I am fortunate, I shall show you 
something very beautiful. You will bear in mind that 
diere is an incessant developement of vapour underneath 
the drop, which, as incessantly, escapes from it laterally. 
If the drop rest upon a flattish surface, so that the lateral 

rig. 4a 




escape is very difficult, the vapour will burst up through the 
middle of the drop. But I have here arranged matters, so 
tiiat the vapour shall issue laterally ; and it sometimes hap- 
pens that the escape of the vapour is rythmic ; it issues in 
regular pulses, and then we have our drop of water mould- 
ed to a most beautiful rosette. I have it now, — a round 
mass of liquid, two inches in diameter, with a beautifully 
crimped border. I will throw the beam of the electiio 
lamp upon this drop so as to illuminate it, and holding this 
lens over it, I hope to cast its image on the ceiling, or on 
the screen. There it is (fig. 48), a figure eighteen inches in 
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diameter, and the vapour breaking, as if in nnisio, from its 
edge. If I add a little ink, bo as to darken the liquid, the 
definition of its outline is augmented, but the pearly lustre 
of its surface is lost. I withdraw the heat ; the undulation^ 
continues for some time : the border finally becomes unii^ 
dented« The drop is now perfectly motionless — a liquid 
spheroid — and now it suddenly spreads up<Hi the sur&oei 
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contact has been established, and the spheroidal condition 
ends. 

I dry the silver basin and place it, with its ^ttom up- 
' wards, in front of the electric lamp, and with a lens in 
front I bring the rounded outline of the basin to a focus 
on the screen; I dip this bit of sponge in alcohol and 
squeeze it over the cold basin, so that the drops fall upon 
the surface of the metal : you see their magnified images 
upon the screen, and you observe that when they strike the 
surface they spread out and trickle down along it. Now I 
will heat tiiis basin. by placing a lamp underneath. Ob* 
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serye what occurs : when I squeeze the qKmge the drops 
descend as before, btit when they come in contact with the 
basin they no longer spread but roll over the surface as 
liqoid spheres (fig. 49). See how they bound and dance 
as if they had fallen upon elastic springs ; and so in fact 
they hare. Every drop, as it strikes the hot surface, and 
aA it rolls along the surface, developes vapour which lifls 
it oat of contact, thus destroying all cohesion between the 
surface and the drop, and enabling the latter to preserve its 
spherical or spheroidal form. 

I have here an arrangement si%gested by Professor 
Poggendorf, which shows, in a very beautiful manner, the 
interruption of contact between the spheroidal drop and its 
supporting surface. From this silver basin, b (fig. 50), in- 
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tended to hold the drop, I carry a wire, w^ round yonder 
magnetic needle ; the other end of the galvanometer wire 
I attach to one end of this battery, a. From the opposite 
pole of the little battery I carry a wire, w'y and so attach 
it to the arm, a i, of this retort-stand, k^ that I can readily 
lower it. I heat the basin, pour in the water, and lower 
my wire till the end of it dips into the spheroidal mass : 
you see no motion of the galvanometer needle ; the only 
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gap in the entire circnit is that which now exists under- 
neath the drop. If the drop were in contact the corrent 
would pass. I prove this thus : I withdraw the lamp ; the 
spheroidal state will soon end ; the liquid will touch the 
bottom. It now does so, and the needle instantly flies 
aside. 

You can actually see the interval between the drop and 
the hot surface upon which it rests. A private experiment 
may be made in this way : Let a flattish basin, b (fig. 51), 
be turned upside down, and let the bottom of it be slightly 
indented so as to be able to bear a drop ; heat the basin by 
a spirit lamp, and place upon it a drop of ink, dy with which 
a little alcohol has been mixed. Stretch a platinum wire. 



Fig. 6L 







a J, vertically behind the drop, and render the wire incan- 
descent by sending a current of electricity through it. Bring 
your eye to a level with the bottom of the drop, and you 
will be able to see the red-hot wire through the interval 
between the drop and the surface which supports it. Let 
me show you this interval. I place my basin, b (fig. 52), 
as before, with its bottom upward in front of the lamp ; I 
heat the basin and bring carefully down upon it a drop, d^ 
dependent from a pipette. When it rests upon the prop- 
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er part of the surface, and the lens in front is brought to 
its proper position, you see a line of bright light between 
the drop and the silver, indicating that the beam of the 
lamp has passed underneath the drop to the screen. 

The spheroidal condition was first observed by Leiden- 
frost, and I might give you fifty other illustrations of it. 



Fig. 52. 




Liquids can be made to roll on liquids. If, moreover, I 
take this red-hot copper ball and plunge it into a vessel of 
bot water, a loud sputtering is produced, due to the escape 
of the vapour generated ; still the contact of the liquid and 
solid is only very partial : let the ball cool, the liquid at 
length touches it, and then the ebullition is so violent as 
to project the water from the vessel on all sides. 

M. Boutigny has of late lent new interest to this sub- 
ject by expanding the field of illustration, and applying it 
to the explanation of many extraordinary effects. If the 
band be wet, it may be passed though a stream of molten 
metal without injury. I have seen M. Boutigny myself pass 
bis wet band through a stream of molten iron, and toss with 
his fingers the fused metal from a crucible : a blacksmith 
win lick a white hot iron without fear of burning his 
8* 
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tODgne. The tongue is elBeotoally preserved ftan contact 
with the iron, hj the raponr developed ; and it was to the 
vapour of the carlxHiic acid, which shielded me from, its 
contact, that I owed my safety when I put the substanoe 
into my mouth. To the same protective influence many 
escapes from the fiery ordeal of ancient times have be^ 
attributed by M. Boutigny. I may add, that the explana- 
tion of the spheroidal condition given by M. Boutigny has . 
not been accepted by scientific men. 

Boiler explosions have also been ascribed to the water 
in the boiler assuming the spheroidal state; the sudd^i 
developement of steam, by subsequent contact with the 
heated metal, causing the explosion. We are more igno- 
rant of these things than we ought to be. Experimental 

Fig.oa. 




science has brought a series of \rue causes to Eght, whidli 
may produce these terrible catastrophes, but practical b<^ 
ence has not yet detertnined the extent to whic^ they ac- 
tually come into operation. The effect of a sudden generar 
tion of steam has been illustrated by an experiment which 
I will now make in your presence. Here is a copper ves* 
sel, V (fig. 53), with a neck which I can stop with this 
cork, through which half an indx of fine glass tubing ] 
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I heat the^oopper vessel, and pour into it a little water. 
The liquid is now in the spheroidal state. . I cork the vessel, 
and the sniall quantity of steam developed, while the water 
remaiBs spheroidal, ^(capes through the glass tube. I now 
remove the vessel firom the lamp, and wait for a minute or 
two : very soon the water will come into contact with the 
eopper ; it now does so, and you observe the result : the 
oork is driven, as if by the explosion of gunpowder, to a 
considerable height in the atmosphere. 

I have reserved what you will probably think the most 
interesting experiment in coQnection with this subject, for 
the conclusion of tosiay's lecture. M. Boutigny, by means 
of sulphurous acid, first froze water in a red-hot crucible ; 
and Mr. Faraday subsequently froze mercury', by means of 
solid carbonic acid. I will try and reproduce this latter re- 
sult ; but first let me operate with water. I have here a 
boQow sphere of brass about two inches in diameter, now 
accurately filled with water ; into the sphere I have had 
this wire screwed, which is to serve as a handle. I heat 
this platinum crucible to glowing redness, and place within 
it some lumps of solid carbonic acid. I pour some ether on 
the acid — ^neither of them comes into contact with the hot 
crndble — ^they are protected from contact by the elastic 
ooshion of vapour which surrounds them; I lower my 
sphere of water down upon the mass, and carefully pile 
fragments of carbonic acid over it, adding also a little 
ether. The pasty mass within the red-hot crucible remains 
intensely cold ; and now you hear a crack ! I am thereby 
assured that the experiment will succeed. The freezing 
water has burst the brass sphere, as it burst the iron bottles 
in a former experiment. Round the sphere I have wound 
a bit of wire to prevent the ice from falling out. I now 
raise the sphere, peel off the shattered brass shell, and there 
you have a solid sphere of ice, extracted from the red-hot 
crucible. 
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I place a qxuintitj of mercury in a conical copper gpoon^ 
and dip it into the crucible. The ether in tiie cmciUe has 
taken fire, which I did not intend it to do. The experiment 
ought to be so made, that the carbonic acid gaa — the choke* 
damp of minee— ought to keep the ether from ignition. 
But the mercury wiU freeze notwithstanding. Out of liie 
fire, and through the flame, I draw the spoon, and there is 
the frozen mass turned out before you on the table. 



LECTURE VI 

[February 27, 1862.] 

COHTEOnON OV HEATED AIB — WINDS — THE VPPE£ AND LOWEB * TRADES* 

EFFECT OF THE EARTH*S ROTATION ON THE DIRECTION OF WIND — IN- 

FXITENCE OF AQUEOUS TAPOUR UPON CLIMATE — EUROPE THE CONDENSER 
OF THE WESTERN ATLANTIC — ^RAINFALL IN IRELAND— THE GULF STREAM 
— ^FORMATION OF BNOW — ^FORMATION OF ICE FROM SHOW—- GLACIERS — 
PHENOMENA OF GLACIER MOTION^RSGSLAIION — MOULDING OF ICE BT 
PRS8BUBS — ^ANCIENT GLACIERS. 

appendix: — ^DATA CONCERNING GLACIER MOTION. 

I PROPOSE deyoting an hour to-day to ^e considera- 
tion of some of the physical phenomena which exhibit 
themselTes on a large scale in Nature. And first, with re- 
gard to winds. You see those sunbumers now almost 
wholly turned down, which are intended to illuminate this 
room when the daylight is intercepted or gone. Not to 
give light alone were they placed there ; they were set up, 
in part, to promote ventilation. The air, heated by the 
gas flames, expands, and issues in a strong vertical curr^it 
into the atmosphere. The air of the room is thereby inces- 
santly drawn upon, and a fresh supply must be introduced 
to make good the loss. Our chimney draughts are so many 
vertical winds due to the heating of the air by our fires. 

I ignite this piece of brown paper, the flame ascends ; I 
blow out the flame, leaving the edges of the paper smok- 
ing ; the heated edges warm the air, and produce currents 
which carry the smoke upward. I dip the smoking paper 
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into a large ^ass vessel, and stop the neck of the yeesd to 
prevent the escape of the smoke ; the smoke ascends with 
the light air in the middle, spreads out laterally above, is 
cooled, and falls like a cascade of doad along the sides of 
the vesseL I have here a heavy iron spatula, heated to 
dull redness ; as I hold it thus, yon cannot see the cunenta 
of heated air ascending from it. Bat I can show them to 
yon by their action on strong light. I place the spatula in 
the beam of the electric lamp ; here is the shadow of the 
spatula on the screen, and those waving lines of light and 
shade mark the streaming upwards of the heated air. Here 
also is an iron spoon containing a fragment of sulphur, 
which I heat until it ignites ; I plunge the sulphur into this 
jar of oxygen : the combustion becomes more brilliant and 
energetic, and the air of the jar is thrown into intense coBh 
motion. The Amies of the sulphur enable you to track the 
storms which the heating of the aii* produces within the 
jar. I use the word ' storms ' advisedly, for the hurricanes 
which desolate the earth are nothing more than large illus- 
trations of the effect which we have produced in this glass 
jar. 

From the heat of the sun our winds are all derived. 
We live at the bottom of an aerial ocean, which is to a re- 
markable degree permeable to the sun's rays, and is but 
little disturbed by] their direct action. But those rays, 
when they fall upon the earth, heat its surface ; the air in 
contact with the surface shal^es its heat, is expanded, and 
ascends into the upper regions ojf the atmosphere. Where 
the rays fall vertiaally on the earth, the heating of the sur- 
face is greatest, that is to say, between the tropics. Here 
aerial currents ascend and flow laterally north and south 
towards the poles, the heavier air of the polar regions 
streaming in to supply the place vacated by the light and 
warm air. Thus we have an incessant circulation. Yes- 
terday I made the following experiment in the hot room 
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of a Tarlddi bath. I opened wide the door, and held a 
lighted taper in the doorway, midway between top and 
bottom. The flame rose straight from the taper. I placed 
the taper at the bottom, it was blown yiolently inwards ; I 
jdaced it at the top, it was blown yiolently outwadrds. Here 
we had two cnrrents, or winds, sliding over each other, 
and moTing in opposite directions* Thus, also, as regards 
our hemisphere, we have a current from the equator setting 
in towards the north and flowing in the higher regions of 
Hie atmosphere, and another flowing towards the equator in 
the lower regions of the atmosphere. Theae are the upper 
and the lower Trade "Winds. 

Were the earth motionless, these two currents would 
run directly north and soudi, but the earth rotates from 
west to east round its axis once in tw^aty-four hours. In 
virtue of tills rotation, an individual at the equator is car- 
ried round with a velocity of 1,000 miles an hour. You 
have observed what takes place when a person incautiously 
steps out of a carriage in motion. He is animated by the 
motion of the carriage, and when his feet touch the earth 
he is thrown forward in the direction of the motion. This 
is what renders leaping from a railway carriage, when the 
train is at full speed, almost always fataL As we Vithr 
draw from the equator, the velocity due to the earth's ro- 
tation diminishes, and becomes nothing at the poles. It is 
proportional to the radius of the parallel of latitude, and 
diminishes as these circles diminish in size. Imagine, then, 
an individual suddenly transferred from tiie equator to a 
place where the velocity, due to rotation, is only 900 miles 
an hour ; on touching the earth here he would be thrown 
forward in an easterly direction, with a velocity of 100 
miles an hour, this being the difference between the equa- 
torial velocity with wMch he started, and the velocity of 
tiie earth's siuface in his new locality. 

ffimilar ccmsiderations apply to the transfer of air from 
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the equatorial to the northern regions, and vioe yenk. At 
the equator the air possesses the ydodty of the earth's Bar- 
&oe there, and on quitting this positicm, it not only has its 
tendency northwards to obey, bat also a tendency to the 
east, and it must take a resultant direction. The farther it 
goes north the more is it deflected from its original comse; 
the more it turns towards the east, the more it heoomei 
what we should call a westerly wind. The opposite hdds 
good for the current proceedingyh>m the north; this passes 
from places of 8lowmoti<»i to places of quick motion : itii 
met by the earth ; hence the wind which started as a north 
wind becomes a north-east wind, and as it approaches the 
equator it becomes more and more easterly. 

It is not by reasoning alone that we arrive at a kftowl- 
edge of the existence of the upper atmospheric corrait, 
though reasoning is sufficient to show that compensation 
must take place somehow, — ^that a wind cannot blow in any 
direction without an equal displacement of air taking i^aoe 
in the opposite direction. But clouds are sometimes seen in 
the tropics high in the atmosphere, and moving in a direction 
opposed to that of the constant wind below. Could we dis- 
chkrge a light body with sufficient force to cause it to pen- 
etrate the lower current, and reach the higher, the direction 
of that body's motion would give us the direction of the 
wind above. Human strength cannot perform this expenr 
ment, but it has nevertheless been made. Ashes have been 
shot through the lower current by volcanoes, and, from the 
places where they have subsequently fallen, the direotioB 
of the wind which carried them has been inferred. I^ 
fessor Dove in his * Witterungs Verhfiltnisse von Berlin 
cited the following instance : * On the night of April 80th, 
explosions like those of heavy artillery were heard at Barha- 
does, so that the garrison at Fort St. Anne remained all ni^* 
under arms. On May 1, at daybreak, the eastern portion 
of the horiz<m appeared clear, while the rest of the finoA- 
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ment was oovered by a black cloud, which soon extended 
to ibe east, quenched the light there, and at length pro- 
daced a darkness so dense that the windows in the rooms 
could not be discerned. A shower of ashes descended, 
mider which the tree branches bent and broke. Whence 
came these ashes ? From the direction of the wind, we 
^nld infer that they came from the Peak of the Azores : 
they came, however, from the volcano Mome Garou in St. 
Vincent, which lies about 100 miles west of Barbadoes. The 
ashes had been cast into the current of the upper trade. A 
second example of the same kind occurred on January 20, 
1835. On the 24th and 25th the sun was darkened in Jar 
nudca by a diower of fine ashes, which had been discharged 
from the mountain Coseguina, distant 800 miles. The peo- 
ple learned in this way that the explosions previously heard 
were not those of artillery. These ashes could only have 
been carried by the upper current, as Jamaica lies north- * 
east from th|3 mountain. The same eruption gives also a 
beautifrd proof that the ascending air-current divides itself 
above, for ashes fell upon the ship Conway in the Pacifi<^ 
at a distance of 700 miles south-west of Coseguina. 

^Even on the highest summits of the Andes no traveller 
has as yet reached the upper trade. From this some notion 
may be formed of the force of tie explosions ; they were 
incteed tremendous in both instances. The roaring of Cose- 
guina was heard at San Salvador, a distance of 1^00 nules. 
Union, a seaport on the west coast of Conchagua, was in 
absolute darkness for forty-three hours ; as light began to 
dawn it was observed that the searshore had advanced 800 
feet upon the ocean, through the mass of ashes which had 
&llen. The eruption of Mome Garou forms the last link 
of a chain of vast volcanic actions. In June and July 
1811, near St. Miguel, one of the Azores, the island Sabri- 
ua rose, accompanied by smoke and flame, from the bottom 
of a sea 150 feet deep, attained a height of SCO feet and a 
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ciroomferenoe of a mile. The small Antilles yrere afto> 
wards shaken^ and snbseqnraitly the yalleys of the Missb- 
sippif Arkansas, and Oliio. But tiie elastic forces foondno 
vent ; they sought one, then, on the- north coast of Cdjaet 
bia. March 26 began as a day of extraordinary heat in 
Caraccas ; the air was clear and the firmament cloadleBs. 
It was Green Thursday, and a re^ment of troops of tibe 
line stood under arms in the' barracks of the quarter San 
Carlos ready to join in the procession* The people 
streamed to the churches. A loud subterranean thunder 
was heard, and immediately afterwards followed an earth- 
quake shock so violent, that the church of Alta Gracia, 150 
feet la height, borne by pillars fifteen feet thid^ formed a 
heap of crushed rubbidi not more than six feet high. In 
the eveniug the almost full moon looked down wilh mild 
lustre upon the ruins of the town, under which hiy de 
* crushed bodies of upwards of 10,000 of its inhabitanta. 
But even here there was no exit granted to the elastic 
forces underneath. Finally, cm April 27, they succeeded in 
opening once more the crater of Mome Garou, which had 
been closed for a century ; and the earth, for a distanoe 
equal to that from Vesuvius to Paris, rung with the thun- 
der-shout of the liberated priscmer.' 

I have here a terrestrial globe, on which I now trace 
with my hand two meridians j they start from tiie equator 
of the globe a foot apart, which would correspond to about 
1,000 miles on the earth's surface. But these mmdianS) 
as they proceed northward, gradually approach each other, 
and meet at the north pole. It is manifest that the air 
which rises between these meildians in the equatwial re- 
gions must, if it went direct to the pole, squeeze itself into 
an ever-nairowing bed. Were the earth a cylinder instead 
of a sphere, we might have a drculation from the Hiiddle 
of the cylinder quite to each end, and a return currM^t &m 
each end to the middle. But this, in the case of the earth, 
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18 impossible, simply because the spaoe aroond the pol^s is 
unable to embrace the air from the equator. The cooled 
equatorial air sinks, and the retnm current sets in before 
the poles are attained, and this occurs more or less irregu- 
lirlj. The two currents, moreover, instead of flowing one 
oye^ the other, often flow beside each odier. They con- 
stkote riyers of air,, with incessantly shifting beds. 

These are the great winds of onr atmosphere which, 
howeyer, are materially modified by the irregolar distriba- 
tioa of land and water. Winds of minor importance also 
ooeor, through the local action of heat, cold, and evapora- 
ti(m. There are winds produced by the heating of the air 
in Alpine valleys, and which sometimes rush with sudden 
and destructive violence down the gulleys of the mouK 
tains : gentler down-flows of air are produced by the pres- 
ence of glaciers upon the heights. There are the land 
breeze and the sea breeze, due to the varying temperature 
of the sea-board soil, by day and night. The morning sun 
Ideating the land, pvodiices v^tical displacement, and the 
air &onk the sea moves Itafijffwsad. In the ev^iing the land 
is more chilled by radiation than the sea, and the conditions 
are reversed; theheavy air of the land now flows seaward.' 

Thus, then, a portion of the heat of the tropics is sent 
by an aerial znessenger towards the poles, a more equable 
distribution of terrestrial warmth: being thus secured. But 
in its flight northward the air is accompanied by another 
substance — by the vapour of water, which, you know, is 
perfectly titmsparent. Imagine the ocean of the tropics, 
giving forth its vapour, which promotes by its lightness the 
ascent of the associated air.* ^ey expand as they ascend : 
at a height of 16,000 feet the air and vapour occupy twice 
Ae volume which they embraced at the sea leveL To se- 
cure this q>ace they must, by their elastic force, push away 
the air in all directions round them ; they must perform 
work ; and this work cannot be performed, save at the ex* 
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pense of the warmth with which they were In the firat in- 
stance chargecL 

The vapour thus chilled is no longer competent to retain 
the gaseous fotm. It is precipitated as doud : the doiid 
descends as rain ; and in the region of calms, or directlj 
under the sun, where the air is first drained of its aqueous 
load, the descent of rain is enormous. The sun does not 
remain always vertically over the same parallelof latitude 
— ^he is sometimes north of the equator, sometimes sonth 
of the equator, the two tropics limiting his excnrsion. 
When he is south of the equator, the earth^s surface north 
of it is no longer in the region of calms, but in a re^on 
across which the atrial current from the north flows 
towards the region of calms. The moving air is but 
slightly charged with vapour, and as it travels* from nordi 
to south it becomes ever warmer ; it constitutes a diy 
wind, and its capacity to retain vapour is continually ang- 
menting. It is plain, from these considerations, that eadi 
place between the tropics must have its dry season and 
rainy season ; dry when the sun is at the opposite side of 
the equator, and wet when the sun is overiiead. 

Gradually, however, as the upper stream, which rises 
from the equator, and flows towards the poles, beooroes 
chilled and dense, it sinks towards the earUi ; at the P^ 
of Teneriffe it has already sunk below the-summit of ^ 
mountain. With the contrary Vind blowing at the base, 
the traveller finds the stream from the equator blowing 
strong over the top. Farther north the equatorial wind 
sinks lower still, and finally quite reaches the surface of 
the earth. Europe, for the most part, is overflowed by 
this equatorial current. Here in London, for eight or nine 
months in the year, south-westerly winds prevail. But 
mark what an influence this must have upon our climate 
The moisture of the equatorial ocean comes to us endowed 
with potential energy ; with its molecxdes separate, Bid 
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therrfore competent to dash and deyelope heat by their 
collision ; it comes, if yon will, charged with latent heat. 
In oar northern atmofiphere the collision takes place^ and 
the heat generated is a main source of warmth to onr cli- 
mate. Were it not for the rotation of the earth, we should 
have over us the hot dry blasts of Africa ; but owing to 
this rotation, the wind which starts northward from the 
Gulf of Mexico is deflected to Europe. Europe is, there- 
fore, the recipient of those stores of lat^it heat which were 
unassed in the western Atlantic. The British Isles come 
in for the greatest share of this moisture and heat, and this 
circumstance adds itself to that already dwelt upon — the 
high specific heat of water — to preserve our climate from 
extremes. It is thib condition of things which makes our 
fields so green, and which gives the blossom to our maid- 
ens' cheeks. A Grerman writer, Moritz, expresses himself 
on these points in the following ardent words: — ^^Ye 
bloomii^ youthful faces, ye green meadows and streams 
of this happy land, how have ye enchanted me I O Rich- 
mond, Richmond I never can I forget the evening when, 
full of delight, I wandered near you up and down along 
the flowery banks of the Thames. Tliis, however, must 
not detain me from that dry and sand-strewn soil on which 
&te has appointed me my sphere of action.' All this poe- 
try and enchantment are derived directly from aqueous 
vji^ur.* 

As we travel eastward in Europe, the amount of aque- 
ous precipitation grows less and less ; the air becomes more 
and more drained of its moisture. Even between the east 
and west coasts of our own islands the difference is sensi- 
ble, and local circumstances also have a powerful influence 
on the amount of precipitation. Dr. Lloyd finds the mean 
yearly temperature of the western coast of Ireland about 

* Its relation to Radiant Heat is developed in Leettue XI. 
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two degrees higher than tiiat of the eastern ooaat^ at tiia 
same height, and in the same parallel of latitade. The 
total amount of rain which fell in the year 1851, at varioiis 
stations in the island, is given in the following table— 



Statloa 
F^ortarlington 

Dublin 

Athy. 

Donaghadee 

Courtown . 

Kilniafa 

Anna^ 

Efllybegs . 

Dunmore . 

Portrush . 

Borinciana 

Markree 

Castletownsend 

Weslport . 

CahiroiTeen 



BainlnliMdLea 

. ai-8 

. 28*2 
. 26-4 
. 26-7 

. 27-a 

. 29-6 
. 82*6 
. S81 
. 88-2 
. 83-5 
. 87.2 
.89-8 
. 40-8 
. 42-5 
. 4&'9 
. 69-4 



With reference to this table, Dr. Lloyd remarks — 

* 1. That there is great diversity in the yearly amomit 
of rain at the different stations, all^ of which (excepting 
four) are but a few feet above the sea level ; th^ greatest 
rain (at Oahirciveen) being nearly three times as great as 
the least (at Portarlington). 

* 2. That the stations*of least rain are either inland or 
on the eastern coast, while those of the greatest rains are 
at or near the western coast. 

^ 3. That the amomit of rain is greatly dependent on 
the proximity of a momitun cham or group, being always 
considerable in such neighbourhood, miless the station lie 
to the north-east of the same. 

* Thus, Portarlington lies to the nortb-east of Slieve- 
bloom ; Killough to the north-east of the Moume range ; 
Dublin, ninih^ast of the Widc:low range, and so on. On 
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the other hand, the stationg of greatest rain, Cahirciveen, 
Casfletownsend, Westport, Ac, are in the vicinity of high 
raountiunfs, but on a different side.' * 

Thifl distribution of heat by the transfer of masses of 
heated air firom place to place, has been called ' convectian^^ 
in contradistinction to the process of conduction, which 
will be treated in our i^zt lecture. Heat is distributed in 
a similar manner through liquids. I have here a glass cell, 
c (fig. 54), containing warm water ; I place it in front of 

Fig. 64. • 




the electric lamp, and by means of a converging lens, 
throw a magnified image of the cell upon the screen. I 
now introduce the end of this pipette into the water of the 
cell, and allow a little cold water to gently enter the hot. 
The difference of refraction between both enables you to 
see the "heavy cold water falling through the lighter warm 
water. The experiment succeeds still botter when I allow 
a firagment of ice to float upon the surface of the water. 
As tiie ice melts, it sends long heavy striae downwards to 
the bottom of the cell. Tou observe, as I cause the ice to 

* The greatest rainfall recorded bj Sir John Herschel in hifl table 
(Meteorology, 110, &c.) occurs at Cherra Pungee, "Vfhere the annual fall is 
692 inches. It is not ^y object to enter far into the subject of meteor- 
ology ; for the fullest and most accurate information the reader will refer to 
the excellent works of Sir John Herschel and Professor Dove. 
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move along the top, how these Btreamfl of cold wat» 
desoend through the hot. I now reverse the experiment, 
placing cold water in the cell, and hot water in the pipette. 
Care is here necessary to allow the warm water to enter 
without any momentum, which would carry it medianieally 
down. Tou notice the effect. The point of the pipette is 
in the middle of the cell, and you^see, as the warm wat^ 




enters, it speedily turns upwards (fig. 55) and overflows the 
top, almost as oil would do under the same circumstanoes. 

When a vessel containing water is heated at the bot- 
tom, the warmth communicated is thus diffused. You may 
see the direction of the ascending warm currents by means 
of the electric lamp, and also that of the currents which 
descend to occupy the place of the lighter water. Here is 
a vessel containing cochineal, the fragments of whifih, 
being not much heavier than the water, freely foUow the 
direction of its currents. Tou see the pieces of cochineal 
breaking loose from the heated bottom; ascending akxig 
the middle of the jar, and descending again by the mdes. 
In the Geyser of Iceland this convection occurs on a grand 
scale. A fragment of paper thrown upon the centre of the 
water which fills the pipe is instimtly drawn towards the 
side, and there sacked down by the descending current. 

Partly to this cause, but mainly, perhaps, to the Motion 
ef winds, currents establish themselves in the ocean, and 
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pawerfull J inflnenoe dimabe by the heat which ihey dis- 
tribute. The most remarkable of these eorrents, and by 
far the most important for ns, is the so-called Gulf-stream, 
which sweeps across the Atlantic from the equatorial re- 
gions .through the Gulf of Mexico, whence it derives its 
name. As it quits the straits of Florida it has a temperar 
tore of 83^ Fahr., thence it follows the coast of America as 
far as Cape Fear, whence it starts across the Atlantic, tak- 
ing a north-easterly course, and finally washing the coast 
of Ireland, and the north-western shores of Europe gen- 
erally. As might be expected, the influence of this body 
of warm water makes itself most evident in our winter. 
It then entirely abolishes the difference of temperature 
due to the difference of latitude of north and south Brit- 
aia ; if we walk from the Channel to the Shetland Isles, in 
January, we encounter everywhere the same temperature. 
The Isothermal line runs north and south. The presence 
of the water renders the dhnate of western Europe totally 
diffmnt from that of the opposite coast of America. The 
river Hudson, for example, in the latitude of Rome, is 
frozen over for three montJis in the year. Starting from 
Boston in January, and proceeding round St. John's, and 
thence to Iceland, we meet everywhere the same tempera- 
ture. He harbour of Hammerfest derives great value from 
the &ct that it is dear of ice all tiie year round. This is 
due to the Gulf-stream which sweeps round the North 
Cape, and so modifies the climate there, that at some 
places, by proceeding northward, you enter a warmer re- 
gion. Hie contrast between northern Europe and the east 
coast of America caused Halley to stumise that the north 
pole of the earth had shifted ; that it was formerly situate 
somewhere near Behring's Straits, and that the intense 
cold observed in these regions is really the cold of the. an- 
cient poks which had not been entirely si3ft)9i»!^d since the 
axis dianged its direction. But now we knpw t^at the 
9 
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Gulf-fltream and the diffiision of heat by winds and yapoon 
are the real causes of Europeim mildness. On the western 
coast of America, between the Rocky mountains and the 
ocean, we find a European climate. 

Europe, then, is the condenser of the Atlantic ; and the 
mountains are the chief condensers in Europe. On them, 
moreover, when they are sufficiently high, the condensed 
vapour descends, not in a liquid, but a solid fonn. Let ns 
look to this water in its birthplace, and follow it through 
its subsequent course. Clouds float in the air, and hence 
the surmise that they are composed of vesicles or bladders 
of water, thus forming shells instead of spheres. Eminent 
travellers say that they have seen these bubbles, and tbeir 
statements are entitled to all respect. It is certain^ how- 
ever, that the water-particles at high elevations possess, on 
or after precipitation, the powers of building themselves 
into crystalline forms ; they thus bring forces into play 
which we have hitherto been accustomed to regard as 
molecular, and which could not be ascribed to the aggre- 
gates necessary to form vesicles. 

Snow, perfectly formed, is not an irregular aggregate 
of ice-particles ; in a calm atmosphere, the aqueous atoms 
arrange themselves so as to form the most exquisite figures. 
You have seen those six-petalled flowers which form themr 
selves within a block of ice when a beam of heat is sent 
through it. The snow-crystals, formed in a calm atmos- 
phere, are built upon the same type': the molecules arrasge 
themselves to form hexagonal stars. From a central nuc- 
leus shoot six spicukB, every two of which are separated 
by an angle of 60°. From these central ribs smaller spic- 
ulflB shoot right and left with imerring fidelity to the 
angle 60°, and from these again other smaller ones diverge 
at the same angle. The six-leaved blossoms assume the 
most wonderful variety of form ; their tracery is of the 
finest frozen gauze ; and round about their comers other 
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rosettes of smaller dimensions often ding. Beauty is su- 
perposed upon beauty, as if Nature, onoe committed to her 
task, took delight in showing, even within the narrowest 
limits, the wealth of her resources.* 

These frozen blossoms constitute our mountain snows ; 
they load the Alpine heights, where their frail architecture 
is soon destroyed by the accidents of the weather. £tvery 
winter they fall, and every summer they disappear, but this 
rythmic action does not perfectly compensate itself. Be- 
low a certain line warmth is predominant, and the quantity 
which faSls every winter is entirely swept away; above 
this line cold is predominant, the quantity which fsJls is in 
excess of the quantity melted, and an annual residue re- 
mains. In winter the snows reach to the plains ; in sum- 
mer they retreat to the 8noio4iney — ^to that particular line 
where the snow-fall of every year is exactly balanced by 
the consumption, and above which is the region of eternal 
snows. But if a residue remains annually above the -snow 
line, the mountains must be loaded with a burden which« 
increases every year. Supposing at a particular point 
^bove the line refeired to, a layer of three feet a year is 
added to the mass ; this deposit, accumulating even through 
the brief period of the Christian era, would produce an 
elevation of 5,680 feet. And did such accumulations con- 
tinue throughout geologic instead of historic. ages, there is 
no knowing the hei^t to which the snows would pile 
themselves. It is manifest no accumulation of this kind 
takes place ; the quantity of snow on the mountains U not 
augmenting in this way ; for some reason or other the sun 
is Hot permitted to lift the ocean out of its basins and pile 
its waters permanently upon the hills. 

But how is this annually augmenting load taken off the 

* See fig. 66, in which are copied some of the beautiful drawings of 
Mr. Gkiriier. 
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flihoiilders of tiiie monntams ? The flnowB sometimes detaoh 
thems^yes and msh down the Aopes m avalanches, melting 
to water in the warmer air below. But the violent rush 
of the avalanche is not their only motion ; they also creep 
by almost insensible degrees down the slopes. As layer, 
moreover, he:q)S itself upon layer, the deeper portions of 
the mass become squeezed and consolidated ; the air first 
entrapped in the meshes of the snow is squeezed out, and 
the compressed mass approximates more and more to the 
character of ice. Ton know how the granules of a snow- 
ball will adhere ; you know how hard you can make it if 
mischievously inclined : the snow-ball is incipient ice ; aug- 
ment your pressure, and you actually convert it into ice. 
But even after it has attained a compactness which would 
entitle it to be called ice, it is still capable of yielding 
more or less, as the snow yields, to pressure. When, there- 
fore, a sufficient depth of the substance collects upon the 
earth's surface, the lower portions are squeezed out by the 
pressure of the upper ones, and if the snow rests upon a 
elopej it will yield principally in the direction of the slope, 
and move downwards. 

This motion is incessantly going on along the slopes of 
every snow-laden mountain; in the Himalayas, in the 
Andes, in the Alps ; but in addition to this motion, which 
depends upon the power of the substance itself to yield to 
pressure, there is also a sliding motion over the inclined 
bed. The consolidated snow moves bodily over the moxm- 
tain slope, grinding off the asperities of the rocks, and pol- 
ishing their hard surfaces. The under surface of the 
mighty poUsher is also scarred and furrowed by the rocks 
ovef which it has passed ; but as the compacted snow de. 
scends, it enters a warmer region, is more copiously melted 
and sometimes, before the base of its slope is reached, it is 
wholly cut off by fusion. Sometimes, however, large and 
deep valleys receive the gelid masses thus sent down ; in 
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these Ydlleys it is Airther consolidated, and thiougfa them 
it moYes, at a dow but measurable pace, imitatiDg in all its 
motions those of a river. The ice is thus carried far be- 
yond the limits of perpetual snow, until, at l^igtfa, the con- 
sumption below equals the supply above, and at this pomt 
the glader ceases. From the snow-line downwards in sum- 
mer, we have ice; above the snow-line, both sitmmer and 
winter, we have, on the surface, mow. The portion below 
the snow-line is called a glacier^ that above the snow-line is 
called the nh)e. The n6v6, then, is the feeder of the 
glacier. 

Several valleys thus filled may unite in a single valley, 
the tributary glaciers welding themselves togeth^ to form 
a trunk glacier. Both the main valley and its tributiuies 
are often sinuous, and the tributaries must change tiieir di- 
rection to form the trunk. The width of the valley, also^ 
often changes; the glacier is forced through narrow 
gorges, widening after it has passed them ; the centre of 
the glacier moves more quickly than the sides, and the 
surface more quiddy than the bottom, llie point 6f 
swiftest motion follows the same law as that observed in 
the flow of rivers, changing from one side of the qeatre to 
the other, as the flexure of the valley changes.* Most of 
the great glaciers in the Alps have, in summer, a central 
velocity of two feet a day. There are points on the M^v 
de-Glaoe, opposite the Montenvert, which have a daily mo- 
tion oif thirty inches in stmmier, and in winter have beea 
found to move at half this rate. 

The power of acconmiodating itself to the channel 
through which it moves has led eminent men to aswime 
that ice is viscous ; and the phenomena at first sight i^^em 
to enforce this assumption. The glacier widens, bends, and 
narrows, and its centre moves more quickly than its ^es ; 

* For thfi data on which this kw is founded see Appeiulix to thbLectvie. 
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a viscotiB mass woiild undoubtedly do the same. But the 
most delicate experiments on the capacity of ice to yield 
to strain, to stretch out like treacle, honey or tar, have 
fsdled to detect this stretching power. Is there, then, any 
other physical quality to which the power of accommoda- 
tion possessed by glacier ice, may be referred ? 

Let us approach this subject gradually. We know that 
vapour is ccmtinually escaping from the free surface of a 
liquid ; that the particles at the surface attain their gaseous 
liberty sooner than the particles within the liquid ; it is 
natural to expect a sunilar state of things with regard to 
ice; that when the temperature of a mass of ice is uni-" 
formly augmented, the first particles to attain liquid liberty 
are those at the surface ; for here they are entirely free, 
on one side, from the controlling action of the surrounding 
particles. Supposing, then, two pieces of ice raised 
throughout to 32°, and meltiag at this temperature at their 
surfeuies ; what may be expected to take place if we place 
the liquefying surfaces close together ? We thereby vir- 
tually transfer these surfaces to the centre of the ice, where 
the motion of each molecule is controlled aD round by its 
neighbours. As might reasonably be expected, the liberty 
of liquidity at each point where the surfaces touch each 
other, is arrested, and the two pieces freeze together at 
these points. Let us make the experim^it : Here are two 
masses which I have just cut asunder by a saw ; I place 
their flat surfaces together ; half a minute's contact will 
suffice ; they are now frozen together, and by taking hold 
of <Mie of them I thus lift them both. 

This is the efiect to which attention was first directed 
by Mr. Faraday in June 1850, and which is now known 
under the name of JRegeldtion, On a hot summer's day, I 
have gone into a shop in the Strand where fragments of ice 
were exposed in a basin in the window; and with the 
shopman's permission have laid hold of the topmost piece 
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of ice, and by means of it have lifted the whole of the 
pieces bodily out of the dish. Though the thennometer at 
the time stood at 80°, the pieces of ioe had frozen t<^ether 
at their points of junction. Even under hot wat^ this 
effect takes place ; I have here a basin of water as hot as 
my hand can bear ; I plunge into it these two {Nbeces of 
ice, and hold them together for a moment : th^y are now 
fro29en together, notwithstanding the presence of the heat- 
ed Uquid. A pretty experiment of Mr. Faraday's is to 
place a number of small fragments of ice in a dish of wat^ 
deep enough to float them. When one piece touches the 
other, if only at a single point, regelation instantly sets in. 
Thus a train of pieces may be caused to touch eadi other, 
and, after they have once so touched, you may take the 
terminal piece of the train, and, by means of it, draw all 
the others after it. When we seek to bend two pieces 
thus united at their point of junction, the frozen points 
suddenly separate by fracture, but at the same moment 
other points come into contact, and regelation sets in be- 
tween them. Thus a wheel of ice might be caused to roll 
on an icy surface, the contacts being incessantly ruptured, 
with a crackling noise, and others as quickly established by 
regelation. In virtue of this property of regelation, ice is 
able to reproduce many of the phenomena which are usu- 
ally ascribed to viscous bodies.* 

Here, for example, is a straight bar of ice : I can by 
passing it successively through a series of moulds, each 
more curved than the last, finaDy turn it out as Aemi-ring. 
The straight bar in being squeezed into the curved mould 
breaks, but by continuing the pressure new surfaces come 
into contact, and the continuity of the mass is restored. I 
take a handful of those small ice fragments and squeeze 

* See noVb on the Regelation of Snow Granules in the A;^>enclix to tfak 
Lecture. 
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them together, they freeze at their points of contact and 
now lie mass is one aggregate. The making of a ffliow- 
ball, as remarked by Mr. Faraday, illustrates the same prin- 
ciple. In order that this freezing shall take place,, the snow 
onght to be at 32*^ and moist. When below 32° and dry, 
on being squeezed it behaves like salt. The crossing of 
snow-bridges in the upper regions of the Swiss glaciers is 
often rendered possible solely by the regelaticm of the 
snow granules. The climber treads the mass carefully, 
and causes its granules to regelate: he thus obtains an 
amonnt of rigidity which, without the act of regelation, 
would be quite unattainable. To those . unaccustomed to 
such work, the crossing of snow bridges, spanning, as they 
often do, fissures 100 feet and more in depth, must appear 
quite appalling. 

If I still further squeeze this mass of ice fragments, I 
bring them into still closer proximity. My hand, however, 
is incompetent to squeeze them very closely together. I 
place them in this boxwood mould, which is a shallow cyl- 
inder, and placing a flat piece of boxwood overhead, I in- 
troduce both between the plates of a small hydraulic press, 
and Bcfieeze the mass forcibly into the mould. I now 
relieve the pressure and turn the substance out before you : 
it is converted into a coherent cake of ice. I place it in 
this lenticular cavity and again squeeze it. It is crushed 
by the pressure, of course, but new contacts establish 
themselves, and there you have the mass a lens of ice. I 
now transfer my lens to this hemispherical cavity, h (fig. 
67), and bring down upon it a hemispherical protuberance, 
p, which is not quite able to fill the cavity. I squeeze the 
mass : the ic6, which a moment ago was a lens, is now 
squeezed into the space between the two spherical sur- 
faces : I remove tie protuberance, and here I have the in- 
terior surface of a cup of glassy ice. By care I release it 
from the mould, and there it is, a hemispherical cup, which 
9* 
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I oan fill with oold sherry, without the escape of a drop. 
I Borape with a chisel a quantity of ice from this blod^ and 



Fig. 67. 



placing the spongy mass within this spherical cavity, c (fig. 
58), I squeeze it and add to it, till finally I can bring down 
another spherical cavity, d, upon it, enclosing it as a sphere 
between both. As I work the press the mass becomes 
more and more compacted. I add more material, and 
again squeeze ; by every such act the mass is made harder, 
and there you have a snow-ball before you such as you 
never saw before. It is a sphere of hard translucent ice, . 
B. Thus, you see, broken ice can be compacted together 



Fig. 68. 




by pressure, and in virtue of the property of regelation, 
which cements its touching surfaces, the substance may be 
made to take any shape we please. Were the experiment 
worth the trouble, I feel satisfied that I could form a rope 
of ice from this block, and afterwards coil the rope into a 
knot. Nothing of course can be easier than to produce 
statuettes of the substance from suitable moulds. 

It is easy to understand how a substance so endowed 
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can be squeezed through the gorges of the Alps — can bend 
so as to aoeommodate itself to the flexures of the Alpine 
yalleys, and can permit of a differential motion of its parts, 
without at the saiiie time possessing a sensible trace of vis- 
cosity. The hypothesis of viscosity, first started by Ren- 
du, and worked out with such ability by Prof. Forbes, ao' 
counts, cert^nly, for half the facts. Where pressure 
comes into play, the deportment of ice is apparently that 
of a viscous body ; where tension comes into play, the anal- 
ogy with a viscous body ceases. 

I have thus briefly sketched the phenomena of existing 
glaciers, as far as they are related to our present subject ; 
but the scientific explorer of mountain regions soon meets 
with appearances which carry his mind back to a state of 
things very different from that which now obtains. The 
mimistakable traces which they have left behind them show 
that vast glaciers once existed in places, from which they 
have for ages disappeared. Go, for example^ to the gla- 
cier of the Aar in the Bernese Alps and observe its present 
performances ; look to the rocks upon its flanks as they are 
at this moment, rounded, polished, and scarred by the 
moving ice. And having by patient and varied exercise 
educated your eye and judgment in these matters, walk 
down the glacier towards its end, keeping always in view 
the evidences of the glacier's action. After quitting the 
ice, continue your walk down the valley towards the Grim- 
sel: you see everywhere £he same unmistakable record. 
The rocks which rise from the bed of the valley are round- 
ed Uke hogs' backs ; these are the ' roches moutonn^s ' of 
Charpentier and Agassiz ; you observe upon them the larger 
flutings of the ice, and also the smaller scars scratched by 
pebbles, which the glacier held as emery on its under sui*- 
face. All the rocks of the Grimsel have been thus planed 
down. Walk down the valley of Hasli and examine the 
mountain sides right and left ; without the key which I 
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now suppose you to possess, 70a would be in a land of 
enigmas; bat with this key all is plain, 70a see eveiTwhere 
the well-known scars and flutings and furrowings. In the 
bottom of the yalle7 70a have the rooks filed down in some 
places to dome-shaped masses, and, in others, pdished so 
smooth that to pass over them, even when Uie inclination is 
moderate, steps must be hewn* All the wa7 down to 
MeTringen and beyond it, if 70a wish to porsae the &k- 
qiiir7, these evidences abound. For a prelimimuy lesson in 
the recognition of the traces of ancient glaciers no better 
ground can be chosen than this. 

Similar evidences are found in the valle7of the Rhone; 
70U ma7 track them through the valle7 for eight7 miles, 
and lose them at length in the lake of Greneva. But on the 
flanks of the Jura, at the opposite side of the Canton de 
Vaud, the evidences reappear. All alcmg these limestone 
slopes 70U have strewn the granite boulders of Mont Blanc. 
Right and left also from the great Rhone valle7 the lateral 
valleys diow that they were once held by ice. On the 
Italian side of the Alps the remains are, if possible, more 
stupendous than on the northern side. Grand as are the 
present glaciers to those who explore them in all their 
lengths, they are mere pigmies in comparison with their 
predecessors. 

Not in Switzerland alone — ^not alone in proximity with 
existing glaciers — are these well-known vestiges of the an- 
cient ice discernible ; in the hills of Cumberland they are 
almost as dear as in the Alps. Where the bare rock has 
been exposed for ages to the action of the weather, the 
finer marks have in most cases disappeared ; and the mam- 
millated forms of the rocks are the only evidences. But 
the removal of the soil which has protected th^n, often 
discloses rock surfaces which are scarred as sharply, and 
polished as cleanly as those which are now being scratched 
and polished by the glaciers of the Alps. Round about 
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ScawfeU ibe traces of the ancient ioe appear, both in 
roches fnofOamUi and Noes percAia; and there are ample 
facts to show that Borrodale was once ooonpied by glacier 
ice. In North Wales, also, the ancient glaciers have placed 
thesr stamp so firmly tip<m the rocks, that the ages whiclx 
hare since eliqpsed have failed to obliterate ev^i their 
superficial marks. All toxmd ^owdon these evid^ices 
abound. On the south-west coast of Ireland also rise the 
Beeks of MagHlicuddy, which tilt upwards, and catch upon 
their cold crests the moist winds of th^ Atlantic ; precipi- 
tation is copious, and rain at Killamey seems the rule of 
Nature. In this moist region every crag is covered with 
rich vegetation; but the vapours which now descend as 
mild and fertilising, rain, once fell as snow, which formed 
the material for noble glaciers. The Black Yalley was 
once filled by ice, which, planed down the sides of the Pur- 
ple Mountain, as it moved towards the Upper Lake. The 
ground occupied by this lake was entirely held by the an- 
cient ice, and every island that now emerges from its sur- 
face IS a glacier-dome. The £uita8tic names which many 
of the rocks have received are suggested by the shapes into 
whic^ they have been sculptured by the mighty moulding 
plane whidi once passed over thenu North America is also 
thus glacbted. But the most notable observation in con- 
nection with this subject is one recently made by Dr. Hooker 
during a visit to Syria : he has found that the celebrated 
cedars of Lebanon grow upon ancient glacier moraines. 

To determine the condition which permitted of the for- 
mation of those vast masses of ice has long been a problem 
with philosophers, and a consideration of the solutions 
which have be^i offered from time to time will not be un- 
instructive. I have no new hypothesis, but it seems pos- 
sible to give a truer direction and more definite aim to our 
enquiries. The aim of all the writers on this subject, with 
wh<nn I am acquainted, has been directed to the attain- 



206 LBcfnnuB ti. 

ment of cold. Some eminent men have thonght, and some 
still think, that the redaction of temperature daring the 
glacier epoch was dae to a temporary diminution of solar 
radiation ; others have thought that, in its motion througli 
space, our system may have traversed regions of low teni« 
perature, and that during its passage through.these regicms, 
the ancient glaciers were produced. Others, with greater 
correctness, have sought to lower the temperature by a re- 
distribution of land and water. If I understand the writ- 
ings of the eminent men who have propounded and advo- 
cated the ^bove hypotheses, many of them seem to have 
overlooked the fact, that the enormous extension of gla- 
ciers in bygone ages, demonstrates, just as rigidly, the 
operation of heat as the action of cold. 

Cold will not produce glaciers. You may have the bit- 
terest north-east winds here in L<mdon throughout the 
winter without a single flake of snow. Cold must have the 
fitting object to operate upon, and this object — ^the aqueous 
vapour of the air — ia the direct product of heat. Let us 
put this glacier question in another form : the latent heat 
of aqueous vapour, at the temperature of its production in 
the tropics, is about 1,000° Fahr., for the latent heat groWs 
larger as the temperature of evaporation descends. A 
pound of water theji vaporised at the equator, has absorbed 
1,000 times the quantity of heat which would raise a pound 
of the liquid one degree in temperature. But the quantity 
of heat which would raise a pound of water one degree 
would raise a pound of cast-iron ten degrees : hence, simply 
to convert a poimd of the water of the equatorial ocean 
into vapour, would require a quantity of heat sufficient to im- 
part t6 a pound of cast-iron 10,000 degrees of temperatore. 
But the fusing point of cast-iron is 2,000 Fahr. ; therefore, 
for every pound of vapour produced, a quantity of heat has 
been expended by the sun sufficient to raise 5 lbs. of cast- 
iron to its melting point. Imagine, then, every one of 
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those ancient glaciers with its mass of ice qnintnpled ; and 
let &e place of the mass, so augmented, be taken bj an 
equal mass of cast-iron raised to the white heat of fusion, 
and we have the exact expression of the solar action in- 
volved in the production t)f the ancient glaciers. Substi- 
tnte the hot iron for the cpld ice— our speculations would 
instantly be directed to account ^r the high temperature 
of the glacial epoch, and a complete reversal of some of 
the hypotheses above quoted would probably ensue* 

•It is perfecftly manifest that by weakening the sun's ac- 
tion, either, through a defect of emission, or by the steep- 
ing of the entire solar system in space of a low tempera- 
tore, we should be cutting off the glaciers at their source. 
Yast masses of mountain ice indicate, infallibly, conmien- 
sorate masses of atmospheric yapour, and a proportionately 
vast action on the part of the sun. In a distilling appara- 
tus, if you required to augment the quantity distilled, you 
would not surely attempt to obtain the low temperature 
necessary to distillation, by taking the fire from under jrour 
boiler ; but this, if I understand them aright, is what has 
been done by those philosophers who have sought to pro- 
duce tMb ancient glaciers by diminishing the sun's heat. It 
is quite manifest that the thing most needed to produce the 
glaciers is an improved condenser; we cannot afford to lose 
an iota of solar action ; we need, if anything, more vapour, 
but we need a condenser so powerful that this vapour, in- 
stead of falling in liquid sBowers to the earth, shall be so 
far reduced in temperature as to descend in snow. The 
problem, I think, is thus narrowed to the precise issue on 
which its solution depends. 
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ABSTBACT OF A DISGOUBSB ON THE MES.DEM3LACS.* . 

A FOBTiON of a series of obseirations made upon the Mer-de- 
Qlace of Chamouni during the months of July and August last 
year, fonned the basis of this discourse. 

The law first established by [M. Agassiz and] Pro£ 7. D. 
Forbes, that the central portions of a glacier moved &ster than 
the sides, was amply illustrated by the dep<vtment of lines of 
stakes placed across the Mer^le-Glace at several places, and across 
the tributaries of the glacier. The portions of the Mer-de-Glace 
derived firom these tributaries were easily traceable throughout 
the glacier by means of the morainei. Thus, for example, that 
portion of the trunk stream derived from the Glacier du G^ant, 
might be distinguished, in a moment, from the portion derived 
from the other tributaries, by the absence of the d6brfi of the 
moraines upon the surface of the former. The commencement of 
the dirt fonned a distinct junction between both |k)rtions. Atten- 
tion has been drawn by Prof Forbes to the feet, that the eastern 
side of the glacier in particular is * excessively crevassed ; ' and he 
accounts for this crevassing by supposing that the Glacier du 
G6ant moves most swiftly, and in its efforts to drag its more slug- 
gish companions along with it, tears them asunder, and thus pro- 
duces the fissures and dislocations for which the eastern side of 
the glacier is remarkable. The speaker said that too much weight 
must not be attached to this explanation. It was one of those 
suggestions which are perpetually thrown out by men of science 

* Given at the Royal Institution of Great Britam, on Friday, Juae 4, 
1858. Bj John Tyndall, F.RJS. 
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dming the oonne of an investigation, and the fblfiUment or non- 
fliWIlment pf which cannot materially affect the merits of the in- 
vestigator. Indeed, the merits of Forbes mnst be jndged on far 
broader gromids ; and the more his labours are compared with 
those of other obs^rers, the more prominently does his compara- 
tire intellectQal magnitude come forward. The speaker would 
not content himself with saying that the book of Prof Forbes was 
the best book which had been written upon the subject The 
qualitieB of mind, and the physical culture invested in that excel- 
lent work, were such as to make it, in the estimation of the phys- 
ical investigator at least, outweigh all other books upon the sub- 
ject taken togetiier.* While thus acknowledging its merits, let a 
fiee and frank comparison of its statements with facts be insti- 
tuted. To test whether the Glacier du G6ant moved quicker than 
its fellows, five different lines were set out across the Mer-de- 
Olace, in the vicinity of &e Montenvert, and in each of these it 
was found that the point of swiftest motion did not lie upon the 
Glacier du Gdant at aU ; but was displaced so as to bring it com- 
paratively dose to the eastern side of the glacier. These measure- 
ments prove that the statement nferred to is untenable ; but the 
deviation of the point of swiftest motion from the centre of the 
glacier will doubtless be regarded by Prof Forbes as of far great- 
er impOTtance to his theory. At the place where these measure- 
ments were made, the glacier turns its convex curvature to the 
eastern side of the valley, being concave towards the Montenvert. 
Let us take a bolder anidogy than even that suggested in the ex- 
planation of Forbes, where he compares the Glacier du G6ant to a 
strong and swifUy-flowing river. Let us enquire how a river 
would behave in sweeping round a curve similar to that here 
the point of swiftest motion would undoubtedly lie on 



* Since the abore was written, my * Glaciers of the Alps' has been 
pablubed, and, socm after its appearance, a * Rej^y ' to those portions of the 
took which referred to the labours of H. Rendu was extenstvcly circulated 
by Principal Forbes. For more than two years I have abstained from 
answering my distinguished censor ; not from inability to do so, but because 
I thought, and tlunk, that, within the lunits of the case, itis better to sub- 
mit to mi8coneq>tIon, than to make solenoe the arena of a purely personal 
controTersy. 
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that tide of the centre of the stream towards whidi it turns its 
conTex curvature. Can this be the case with the ice f If so, thai 
we ought to haye a shifting of the point of maximum motkm 
towards the western side of the Talley, when the currature ci the 
Spader so changes as to turn its conyexity to tiie westen ride. 
Such a change of flexure occurs opposite the passages called Let 
JPofUiy and at this place the yiew just enunciated was tested. It 
was soon ascertained that the point of swiftest motion hoe Ity it 
a difierent side of the axis from that observed lower down. Bat 
to confer strict numerical accuracy upon the. vesult, stakes weie 
fixed at certain distances from the western side of the glacier, and 
others at a^moZ diUanea from the eastern side. The velocities of 
these stakes were compared with each other^ two by two ; a stake 
on the western side being always compared with a second on^ 
which stood at the same distance from the eastern side. Tht le^ 
suits of this measurement are given in the following tablOi the 
numbers denoting inches : — 

IfltpiOr ft>dpair Srdpatr 4thpidr Hhpalr 

West 16 -Weetl^i West 32^ WestSSf WeetSSf 
East 14 East 15i East 15^ East 18^ East 19^ 

It is here seen that in each case the western stake moved moTC 
rapidly than its eastern fellow stake ; thus proving, beyond a 
doubt, that oppodte the Ponts the- western side of the Me^dc- 
Glace moves quickest — a result precisely the reverse of that ob- 
served where the curvature of the vaDey was difierent 

But another test of the explanation is possible. Between Ae 
Ponts and the promontory of Tr^aporte, the glaciar passes a 
point of contrary flexure, its convex curvature opposite to Tr^ 
porte being turned towards the base of the Aiguille du Moino, 
which stands on the eastern side of the valley. A series of stakes 
was placed across the glacier here ; and the velocities of those 
placed at certain distances fit)m the western ade were compared, 
as before, with those of stakes placed at the same distances fir«ft 
the eastern side. The following table shows the result of these 
measurements ; the numbers, as before, denote inches : — 



I 



Itftpiir' 


2iidpair 


MpUr 


West . . 12f 


West . . 16 


WestWi 


East . . 14f 


East . , m 


East 19 
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Fig.5Q. 



Here we find that in each case the eartem stake moyed faster 
than its fisllow. The point of mazimmn motion has therefore 
once more crossed the axis of the glacier, being now upon its east- 
em side. 

Determining the points of mayimnm motion for a great nam- 
ber of transrerse sections of the Mer-de-Glace, and uniting these 
points, we hare the loeits of the cnrye described by the point re- 
ferred to. Fig. 59 represents a sketch of the Mer-de-Glace« The 
dotted line is drawn along the centre of the gla- 
cier ; the defined line, which crosses the axis of 
the glacier at the points a a, is then the locus of 
the point of swiftest motion. It is a curve more 
deeply sinuous than the valley itself, and crosses 
the central line of the valley at each point of 
contrary flexure. The speaker drew attention to 
the fact that the position of towns upon the 
banks of rivers is usually on the conyex side of 
the stream, where the rush of the water renders 
silting-up impossible : the Thames was a case in 
point; and the same law which regulated its 
flow and determined the position of the adjacent 
towns, is at this moment operating, with silent 
energy, among the Alpine glaciers. 

Another peculiarity of glacier motion is now 
to be noticed. 

Before any observations had been made upon 
the subject, it was suro^sed by Prof. Forbes th^t 
the portions of a glacier near its bed were retarded by finction 
against the latter. This view was afterwards confirmed by his 
own observations, and by those of M. Martins. Nevertheless the 
state of our knowledge upon the subject, rendered fhrther con- 
firmation of the fact highly desirable. A rare opportunity for 
testing the question was furnished by an almost vertical precipice 
of ice, constituting the side of the Glacis de G^ant, which was 
exposed near the Tacul. ,The precipice v^as about 140 feet in 
height. At the top and near the bottom stakes were fixed, and 
by hewing steps in the ice, the speaker succeeded in fixing a 
stake in the &qe of the precipice, at a point about 40 feet above 
the base. After the lapse of a sufficient number of days, the prog- 
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reas of the tliree stakes was measnied ; reduced to the dsamtl 
late, the taotion was as follows : — 



Top stake 


. 6*00 inches 


Kiddle stake .. 


.4-69 „ 


Bottom stakB . 


. 2-56 „ 



We thus see that the top stake moved with m<»e thsn twice 
the Telocity of the bottom one ; while the vdodty of the middle 
stake lies between the two. Bat it also appeals that the aogmo^ 
tation of velocity upwards is not proportional to the distsniJe 
from the bottom, but increases in a quicker ratio. At a height 
of 100 feet from the bottom, the velocity would undoubtedly be 
practically the same as at the surface. Measurements made upon 
an adjacent ice-cliff {NToved this. We thus see the perfect vilidity 
of the reason assigned by Forbes for the continued verticality of 
the walls of transverse crevasses. Indeed a comparison of tiie re- 
sult with his anticipations and reasonings will prove alike tw 
sagacity and their truth. 

The most commanding view of the Mer-de-GUice and its trib- 
utaries is obtained from a point above the remarkable cleft ib the 
mountain range underneath the Aiguille de Ohannoz, whidi tf 
sure to attract the attention of an observer standing at the Mont- 
envert. This point, which is marked G on the map of Fofbtt, 
the speaker succeeded in attaining. A Tubingen professor once tib- 
ited the glaciers of Switzerland, and seeing these apparently rigid 
masses enclosed in sinuous valleys, went home and wrote a book, 
flatly denying the possibility of their motion. An inspection from 
the point now referred to would have doubtless confirmed hini m 
his opinion ; and indeed nothing can be more calculated to nn- 
press the mind with the magnitude of the forces bronghtffl*'' 
play than the squeezing of the three tributaries of the Me^de• 
Glace through the neck of the valley at Tr61aporte. But let w 
state numerical results. Previous to its junction with ite (^^ 
the Glacier du G^ant measures 1,184 yards across. Before it » 
influenced by the thrust of the Taldfre, the Glacier de L^chand 
had a width of 826 yards ; whUe the width of the Tal^fre branch 
across the base of the cascade, before it joins the L^hand, i«^ 
proximately 688 yards. The sum of these widths is 2,597 y**^ 
At Tr^porte those three branches are forced through a go^ 
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888 j93tdB iride, with a^centnl ydodiy of 20 inches ^ day ! The 
leBolt IB still more astonishing, if we confine onr attention to one 
of the tributarifis-^that of the L^chand. Before its junction with 
the Tal^fre, the glacier has a width of ST^^glish chains. At 
Tr6iaporte this broad ice river is squeezed to a driblet* of less 
than 4 chains in width— that is to say, to about one-tenth of its 
preyioua horizontal transrerse dimension. 

Whence is the force derived which drives the glacier through 
UiegKge? The speaker believed that it must be a pressure from 
bdiind. Other fkcts also suggest that the Glacier du G^nt is 
throughout its length in a state of forcible longitudinal compres- 
sion. Taking a series of points along the axis of this glacier— if 
these points, during the descent of the glacier, preserved their 
distancfli asunder peifiectly constant— there could be no longitu- 
dinal dompiression. The mechanical meaning of this term, as ap- 
plied to a substance capable of yielding like ice, must be that the 
hinder points are incessantly advancing upon the forward ones. 
The speaker was particularly anxious to test this view, which first 
occurred to him from h priori considerations. Three points, A b o, 
were therefore fixed upon the axis of the Glacier du Geant, a be- 
ing the highest up the glacier. The distance between a and b 
was 545 yards, and that between b and c was 487 yards. The 
daily Telocities of these three points, determined by the theodo- 
lite, were as follows : — 



A 


. 20*66 inches 


B 


.. 15-43 „ 





. 12-76 „ 



The result completely corroborates the foregoing anticipation. 
The hinder points are incessantly advancing upon those in front, 
and that to an extent sufiScient to shorten a segments of this gla- 
cier, measuring 1,000 yards in length, at the rate of 8 inches a 
day. Were this rate uniform at all seasons, the shortening would 
amount to 840 &et in a year. When we consider the compactness 
of this glacier, and the uniformity in the width of the valley 
which it fiUs, this result cannot fidl to excite surprise ; and the 
exhibition of force thus rendered manifest must, in the speaker^s 
opinion, be mainly instrumental in driving the glacier through the 
jaws of the granite vice at Tr^laporte. 
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In virtue of what quality, then, can ice be brat and Bqtieezed, 
and change its form in the manner indicated in the' for^oiDg ob- 
servations ? The only theory worthy of serious confflderation at 
the present day is that of Pro£ Forbes, which attributes these 
eflfects to the viscosity of the ice. The speaker did not agree with 
this theory ; as the term viscosity appeared to him to be wholly 
inapplicable as expressive of the physical constitution of the gla- 
cier ice. He had already moulded ice into cups, b^ it into 
rings, changed its form in a variety of ways by artifidal presBore, 
and he had no doubt oi his ability to mould a compact mass of 
Norway ice which stood upon the table into a statuette; Imt 
would viscosity be the proper term to apply to the process of 
bruising and regclation by which this result could be ittunedf 
He thought not A mass of ice at 82'' is very easily crushed, bat 
it has as sharp and definite a fracture aa a mass of glass. There 
is no sensible evidence of viscosity. 

The very essence of viscosity is the ability of yielding to a 
force of tension, the texture of the substance, after yielding, bdng 
ih a state of equilibrium, so that it has no strain to recover from; 
and the substances chosdn by ProC Forbes, as illustrative of the 
physical condition of a glacier, possess this power of bdng drawn 
out in a very eminent degree. But it has |)een urged, and jnstiy 
urged, that we ought not to conclude that viscosity is absent he- 
cause hand specimens do not show it, any more than we ought to 
conclude ihOt ice is not blue because small fragments <^ the sab- 
stance do not exhibit this colour. To test the question of Tiscos- 
ity, then, we must appeal to tHe glacier itself. Let us do so. 
First, an analogy between the motion of a glacier through a sinu- 
ous valley, and of a river in a sinuous channel, has been already 
pointed out. But the analogy fails in one important particuhr: 
the river, and much more so a mass of flowing treacle, honey, tar, 
or melted caoutchouc, sweeps round its curves without ruptoieof 
continuity. The viscous mass itreUiheSj but the icy mass breaks^ and 
the * excessive crevassing ' pointed out by Prof. Forbes himsdf is 
the consequence. Secondly, the inclinations of the Mer-de-Glace 
and its three tributaries were taken, and the association of trans- 
verse crevasses with the changes of inclination was accurately 
.noted. Every Alpine traveller knows the utter dislocation and 
confusion produced by the descent of the Mer-de-Glace from the 
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CSttpean downwards. A siiiiilar etate of fhings exists in the ice- 
cascade of the Tal^fine. Descending from the Jardin, as the ice 
approaches the fall, great transrerse chasms are formed, which at 
length follow each other so speedily as to reduce the ice masses 
between them to mere plates and wedges, along which the ex- 
plorer has to creep cantionsly. These plates and wedges are in 
some cases bent and cmmpled by the lateral pressure, and on 
^ome masses yortical forces appeared to hare acted, turning large 
pyramids 90° round, so as to set their structure at right angles to 
its normal position. The ice afterwards descends the fidl, the 
portions exposed to yiew being a ^mtastic assemblage of firozen 
boulders, pinnacles, and towers, some erect, some leaning, falling 
at interrals with a sound like thunder, and crushing the ice crags 
on which they fall to powder. The descent of the ice through 
this outlet has been referred to as a proof of its viscosity ; but 
the description just given does not, it was believed, harmonise 
with our ideas o( a viscous substance. 

But the proof of the non-viscosity of the substance must, be 
sought at places where the change of inclination is very smaU. 
Kearly opposite PAngle there is a change firom 4 to degrees, and 
the consequence is a system of transverse fissures, which renders 
the glacier here p^ectly impassable. Further up thb glacier, 
tmisverBe crevasses are produced by a change of inclination from 
S to 5 degrees. This change of inclination is accurately protracted 
in fig. (M) ; the bend occurs at the point b ; it is scarcely percep- 



^le, and stiU the glacier is unable to pass over it without break- 
ing across. Thirdly, the crevasses are due to a state of strain, 
from which the ice relieves itself by breaking : the rate at which 
^ey widen may be taken as a measure of the amount of relief 
demanded by the ice. Both the suddenness of their formation, 
'and the slowness with which they widen, are demonstrative of 
the non-viscosity of the ice. For were the substance capable of 
stretching even at the small rate at which they widen, there would 
be no necessity for their formation. . 

Further, the marginal crevasses of a glacier are known to be a 
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oonaeqnenoe of the swifter flow of its central portions, wbiA 
tlirows the sides into a state of strain, firom which they reliere 
themselyes by breaking. Now it is easy to calculate the amount 
of stretching demanded of the ice in order to accommodate itself 
to the speedier central flow. Take the case of a grader, half a 
mile wide. A straight transverse element, or slice, of sudi a giMr 
der, is bent in twenty-four hours to a corre. Hie ends of the 
dice more a Httle, bat the centre mores more : let us siqipoee the 
Tersed side of the cnnre formed by the slice in twenty-four hours 
to be a foot, which is a iaii average. Having the diord of this 
arch, and its versed side, we can calctdate its length. In the case 
of the Mer-de-dace, which is about half-a-mUe wide, the amount 
of stretching demanded would be about the eightieth of an inch 
in twenty-four hours. Surely^ if the glacier possessed a p r op erty 
which could with any proi»iety be called viscosity, it ought to 
be able to respond to this moderate demand ; but it is not able 
to do 80 : instead of stretching as a viscous body, in obedience 
to this slow strain, it breaks as an eminently fragile one, and mar- 
ginal crevasses ore the consequence. It may be urged that it is 
not fair to distribute the strain over the entire length of the 
curve : but reduce the distance as we may, a residue must remain 
which is demonstrative of the non-viscosity of the ice. 

To sum up, then, two classes of facts present themselves to the 
glacier investigator — one class in harmony with the idea of vis- 
cosity, and another as distinctly opposed to it. Where premire 
comes into play we have the former, where tendon comes into play 
we have the latter. Both classes of facts are reconciled by the 
assumption, or rather the experimental venty, that the firagility 
of ice and its power of regelatlon render it possible for it to 
change its form without prejudice to its continuity. 



NOTE ON THE EEGELATION OP 8N0W-GEANULE8.* 

I this morning (March 21, 1862) noticed an extremely interest- 
ing case of regelatlon. A layer of snow, between one and two 

• FhiL Mag. 1862, voL xxiil p. 812. 
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inches thick, had &lleii on the glass roof of a small green-house 
into which a door opened from the mansion to which the green- 
house was attached. Air, slightly warmed, acting on the glass 
sorface tmdemeath, melted the snow in immediate contact with 
the glass, and the layer in consequence slid slowly down the glass 
root The inclination of the roof was yery gentle, and the motion 
correspondingly graduaL When the layer overshot the edge of 
the roof^ it did not drpp ofE^ but bent like a flexible body and 
hung down oyer the edge for several inches. The continuity of 
the layer was broken into rectangular spaces by the inclined lon- 
gitudhial sashes of the roof^ and from local circumstances one side 
of the roof was warmed a little more than the other : hence the 
subdiyisions of the layer moved with* different velocities, and over- 
hung the edge to different depths. The bent and down-hanging 
layer of snow in some cases actuaUy curved up inwards. 

Faraday has shown that when small fragments of ice float on 
water, if two of them touch each other, they instantly cement 
themselves at the point of contact ; and on causing a row of frag- 
ments to touch, by laying hold of the terminal piece of the row, 
you can draw aU the others after it. A similar cementing must 
have taken place among the particles of snow now in question, 
which were immersed in the water of lique&ction near the sur&ce 
of the glass. But Faraday has also shown that when two fragments 
of ice are thus united, a hinge-like motion sets in when, you try to 
separate the one from the other by a lateral push : one fragment 
might, in fact, be caused to roll round another, like a wheel, by 
the incessant rupture, and re-establishment of regelation. 

The power of motion thus experimentally demonstrated, ren- 
dered it an easy possibility for the snow in question to bend it- 
self in the manner observed. The lowermost granules, when the 
support of the roof had been withdrawn, rolled over each other 
without a destruddonof continuity, and thus enabled the snow-layer 
to bend as if it were viscous. The curling up was evidently due 
to a contraction of the inner surfsice of the layer, produced, no 
doubt, by the accommodation of the granules to each other, as 
they dowly diminished in size. 

J.T. 

10 



LECTURE VII. 

.[March 6, 1862.] 

CORBTTCnOH ▲ TBAKSVTSSION OT IfOTIOK— OOOD CONDTXCTOBS IKD BAD 
CONDUCTOBS— OONDUCnriTT OF THE ICETALS FOR HEAT: BHULTIOK Bl- 
TWXEK THE COHDUCTITITT OF HEAT AND THAT OF ELECTEICTTT— WIW* 
BXCB OF TBlfFERATURE ON THE CONDUCTION OF ELECTBIOITT— WnU- 
SNCE OF MOLECULAB C0N8TIT1TTI0N ON THE CONDUCTION OF HEAT— W* 
LATION OF SPECIFIC HEAT TO CONDUCHON — PHIL080PHT OF CLOTHIS: 
KUMFORD'S experiments— INFLUENCE OF MECHANICAL TSZTURI Of 
CONDUCTION — ^INCRUSTATIONS OF BOILERS— THE 8AFETT LAMP— OW- 
DUCTIYITT OF LIQUIDS AND OASES : EXPERIMENTS OF RUMFOBD AID 
DESPRETS^-^OOUNO EFFECT OF HTDROOSN OAS— SZPEBIMSNIS OF UAQ- 
NUS ON THE OONDUCTITITT OF OASES, 

I THINK we are now sufficiently conversant with oar 
snbjeot to distinguish between the sensible motions pro- 
duced by heat, and heat itself. Heat is not the dash of 
winds ; it is not the quiver of a flame, nor the ebullition 
of water, nor the rising of a thermometrio column, nor the 
motion which animates steam as it rushes from a boiler in 
which it has been compressed. All these are mechanical 
motions into which the motion of heat may be converted; 
but heat itself is moteculctr motion — ^it is an osdllation 
of ultimate particles. But such particles, when closely 
grouped, cannot oscillate without communication of moti(»i 
from one to the other. To this propagation of the motion 
of heat, through ordinary matter, we must this day devote 
our attention. 

Here is a poker, the temperature of which I am scarce- 
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ly consoioas of: I feel it as a hard and heavy body, but it 
neither WBXtns me nor chills me ; it has been before the 
fire, and the motion of its particles at the present moment 
chances to be the same as thiit which actuates my nerves ; 
there is neither communication nor withdrawal, and hence 
the temperature of the poker on the one hand, and my 
sensations on the other, remain unchanged. But I thrust 
the end of the poker into the fire ; it is heated ; the parti- 
cles in eontact with the fire are thrown into a state of more 
intense oscillation ; the swinging atoms strike their neigh- 
bours, these again theirs, and thus the molecular music 
rings along the bar. The motion; in this instance, is com- 
nii:Qiicated from particle to particle of the poker, and finally 
appears at its most disant end. If I now lay hold of the 
poker, its motion is communicated to my nerves, and pro- 
duces pain ; tjie bar is what we call hot, and my hand, in 
popular language, is burned. Convection we have already 
defined to be the transfer of heat, by sensible masses, from 
place to place ; but this molecular transfer, which consists 
in each €Uom taking up the motion of its neighbours, and 
Bending it on to others, is caHed the conduction of heat. 

Let me exemplify this property of conduction in a 
homely way. I have here a basm filled with warm water, 
and in the water I place this cylinder of iron, an inch in 



Fig. 61. 




diameter, and two inches in height ; this c^inder is to be 
my source of heat. I lay my thermo-electric pile, o (fig. 
61), thus flat, with its naked face turned upwards and on 



220 LBoruBB vn. 

that &oe I place a cylinder of copper, Cy which now poa- 
Besses the temperature of this room. We obsenre no deflec- 
tion of the galvanometer. I now place mj warm cylinder, 
t, having first dried it, npou the cool cylinder, which is 
supported by the pile. The upper cylinder is not at more 
than a blood heat ; but you see that I have scarcely time 
to make this remark before the needle flies aside, indicating 
that the heat has reached the face of the pile. Thus the 
molecular motion imparted to the iron cylinder by the 
warm water has been communicated to the copper one, 
through which it has been transmitted, in a few seconds, 
to the face of liie pile. 

Different bodies possess different powers of trausfut- 
ting molecular motion ; in# other, words, of conducting 
heat. Copper, which we have just used, possesses this 
power in a very eminent degree. I will now, remove the 
copper, allow the needle to return to 0% aud then lay upon 
the face of the pile this cylinder of glass. On the cylinder 
of glass I place my iron cylinder, which has been re-heated 
in the warm water. There is, as yet, no motion of the 
needle, and yon would have to wait a' long time to see it 
move. We have already waited thrice the time which the 
copper required to transmit the heat, and yon see the needle 
continues motionless. I place cylinders of wood, chalk, 
stone, and fireclay, in succession on the pile, and heat their 
upper ends in the same manner ; but in the time which we 
can devote to an experiment, not one of these substances is 
competent to transmit the heat to the pile. The molecules 
of diese substances are so hampered or entangled, that 
they are incompetent to pass the motion freely from one to 
another. The bodies are all bad conductors of heat. On 
the other hand, I place cylinders of zinc, iron, lead, bis- 
muth, &c., in succession on the pile ; each of them, you 
see, has the power of transmitting the motion of heat 
swiftly through its mass. In comparison with the wood, 
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stone, chalk, glass, and clay, they are all good conductors 
of heat. 

As a general rule, though it is not without its excep- 
tions, the metals are the hest conductors of heat. But the 
metals differ notahly among themselves as regards their 
powers of conduction. In illustration of this I will com- 
pare copper and iron. Here, behind me, are two bars, a b, 

Fig. 62. 
A 



4«^oow«o^do 




T 



A c (fig. 62), placed end to end, with balls of wood at- 
tached by wax at equal distances from the place of junction. 
Under the junction I place a spirit-lamp, which heats the 
ends of the bars ; the heat will be propagated right and 
left through both. This bar is iron, this one is copper ; 
the heat will travel to the greatest distance along the best 
conductor, liberating a greater number of its balls. 

But for my present purpose I want a quicker experi- 
ment. Here, then, are two plates of metal, the one of cop- 
per, the other of iron, which are united together, so as to 
form a long continuous plate c i (fig. 63). To it a handle 
is attached, which gives the whole instrument the shape of 
a T. From c to the middle, the plate is copper, from i to 
the middle it is iron. At o I have soldered a small bar of 
bismuth to the plate ; at i a similar bar ; and from both 
bars wires, g g^ lead to the galvanometer. I warm the 
junction i by placing my finger on it; an electric cur- 
rent is there generated, and you observe the deflection. 
The red end of the needle moves towards you. I with- 
draw my finger, and the needle sinks to 0"^. I now warm, 
in the siime manner, the junction c ; the needle is deflected. 
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but in the opposite direction. If I place a finger on each 
end, at the same time, these currents nentralise each other, 
and we have no deflection. I now place a spirit-lamp, with 



Fig. 6a 




a very small flame, directly under the middle of the com- 
pomid plate ; the heat will propagate itself from the cen- 
tre towards the two ends, passing on one dde through 
copper, and on the other through iron. If the heat readi 
both ends at the same instant, the one end will neutralize 
the other, and the needle will rest quiescent. But if one 
end be reached sooner than the other, we shall obtain a 
deflection, and the direction in which the needle moves will 
declare which end is heated. Now for the experiment : I 
place the lamp underneath, and in three seconds the needle 
flies aside. The red end moves towards me, which proves 
that the end c is heated ; the molecular motion has propa- 
gated itself most swiftly through the copper. I allow the 
lamp lo remain until each metal has taken up as much heat 
as it can appropriate, until the ends of the plates become 
stationary in temperature ; that is to say, until the quan- 
tity of heat which they receive from the lamp is exactly 
equal to the quantity dissipated in the space around them. 
The copper still asserts its predominance ; the needle still 
indicates that the end c is most heated : and thus we prove 
copper to be a better conductor of heat than iron. This 
little experiment illustrates how in natural philosophy 
we turn one agent to account in the investigation of an- 
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Other. Eyeiy new diBooyery is a new inatnunent : it was 
onoe an end, bat it is soon a means ; and thus the growth 
of science is secured. 

One of the first attempts to detenmne with accuracy 
the conductiyity of different bodies for heat, was that sug- 
gested by Franklk^ and carried out by Ingenhausz. He 
coated a number of bars of various substances with wax, 
and immersing the ends of the bars in hot oil, he observed 
the distance to which the wax was melted on each of the 
bars. The good conductors melted the wax to the great- 
est distance ; and the melting distance furnished a measure 
of the conductivity of the bar. 

The second method was that pointed out by Fourier, 
and followed out experimentally by M. Despretz. A b (fig. 
64) represents a bar of metal with holes drilled in it, in- 
tended to contain small thermometers. At the end of the 
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bar was placed a lamp as a source of heat ; the heat propa- 
gated itself through the bar, reaching the thermometer a 
first, b next, e next, and so on. For a certain time the 
thermometers continued to rise, but afterwards the state 
of the bar became stationary, each thermo^leter marking a 
constant temperature. The better the conduction, the« 
smaller is the difference between any two successive ther- 
mometers. The decrement, or /all of heat, if I may use 
the term, from the hot end towards the cold, is greater in 
the bad conductors than in the good ones, and from the 
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decrement of temperature shown by the thermometers we 
can deduce, and express by a nmnber, the oondactivity of 
the bar. This same method was followed by MM. Wiede- 
mann and Franz, in a very important investigation, but in- 
stead of using thermometers they employed a suitable 
modification of the thermo-electric pile. Of the numerons 
and highly interesting results of these experiments the fol- 
lowing is a resume : — 

Con^aetlvltj 



Name of SabstanM For Elootridtj 


For Heat 


Silver . 


. 100 


100 


Copper 


. . 73 


74 


Gold . 


. 69 


63 


Brass . 


. 22 


24 


Tin . 


. 28 


16 


Iron . 


. 18 


12 


Lead . 


: 11 





Platinnm 


. 10 


8 


German SilT< 


3r . . 6 


6 


Bismuth 


2 


2 



This table* shows, that, as regards their conductive 
powers, the metals differ very widely from each other. 
Calling, for example, the conductive power of silver 100, 
that of Glerman silver is only 6. You may illustrate this 
difference in a very simple way by plunging two spoons, 
one of German silver and the other of pure silver, into the 
same vessel of hot water. After a little time you find the 
free end of the silver spoon much hotter than that of its 
neighbour ; and if bits of phosphorus be placed on the ends 
of the spoons, that on the silver will fuse and ignite in a 
very short time, while the heat transmitted through the 
•other spoon will never reach an intensity sufficient to ignite 
the phosphorus. 

Nothing is more interesting to the natural philosopher 
than the tracing out of connections and relationships be- 
tween the various agencies of nature. We know that they 
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tre a oonlmon brotherhood, we kn6w that they are mutual- 
ly eonvertible, but as yet we know very little as to the pre- 
cise form of the conversion. We have every reason to 
conclude that heat and electricity are both modes of mo- 
tion ; we know experimentally that from electricity we can 
get heat, and from heat, as in the case of our thermo-elec- 
tric pile, we can get electricity. But although we have, or 
think we have, tolerably dear ideas of the character of the 
motion of heat, our ideas are very unclear as to the precise 
nature of the change which this motion must imdergo, in 
order to a{t{)ear as electricity — ^in fact, we know as yet 
. nothing about it. 

Our table, however, exhibits one important connection 
between heat and electricity. Beside the numbers express- 
ing conductivity for heat, MM. Wiedemann and Franz have 
placed the numbers expressing the conductivity of the same 
metals for electricity. They run side by side : the good 
conductor of heat is the good conductor of electricity, and 
the bad conductor of heat is the bad conductor of electri- 
city.* Thus we may infer, that the physical quality which 
interferes with the transmission of heat, interferes, in a 
proportionate^egree, with the transmission of electricity. 
TboB common susceptibility of both- forces indicates a rela- 
tionship which future investigations will no doubt clear up. 

Let me point out another evidence of communion be- 
tween beat and electricity. I have here a length of wire 
made -op of pieces of two diflferent kinds of wire ; there 
are three pieces of platinum, each four or five inches long, 
and three pieces of silver of the same length and thickness. 
It is a proved fact that the amount of heat developed in a 
wire by a current of electricity of ascertain strength, is di- 
rectiy proportional to the resistance of the wircf We 

* Professor Forbes had previouslj noticed this. 
t Joule, Phil Mag. 1841, vol. xix. p. 268. 
10* 
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may figure the atoms aa throwing themseiyea as barriers 
across the track of the eleotric enrreot — ^the carrot Imock- 
ing against them, and unparting its motion $o th^n, and 
rendering the wire hot. In the case of the good conduct- 
or, on the contrary, the current may be figured as glidmg 
fredy round the atoms without disturbing them in any 
great d^ree. I will now send the self-same current from 
a battery of twenty of Grove's cells through this com- 
pound wire. You see three spaces white-hot, and tiiree 
dark spaces between theuL The white-hot portions of the 
wire are platinum, and the dark porti<xiB are fiilyer. The 
electric current breaks impetuously upon the molecules of . 
the platinum, while it glides with little resistance among 
the atoms of diver thus producing, in the metals,* different 
calorific effects.* 

Now I wish to show you that the motion of heat inter- 
feres with the motion of electricity. You are acquainted 
with the little platinum lamp which stands in front of the 
table. It consists simply of a little coil of platinum wire 
suitably attached to a brass stand. I can send a current 
through that coil and cause it to glow. But you see I have 
introduced into the circuit two feet addition^ of thin plati- 
num wire, and on establishing the connection, the same^ 
current passes throng this wire and the coil. Botii, you 
see, are raised to redness — ^both are in a state of intense 
molecular motion. What I wish now to prove is, that this 
motion of heat, which the electricity has generated in these 
two feet of wire, and in virtue of which the wire glowB, 
offers a hindrance to the passage of the current. The elec- 
tricity has raised up a foe in its own path. I will cool tiiis 
wire, and thereby cause the heat to subside. I shall thus 
open a wider door for the passage of the electricity. But 

* Hay not the condensed ether which sarrounds the atoms be the 
vehicle of electric cnrrents? 
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if more electricity pasaes, it will annonnoe itself at the pla- 
tinum lamp ; it will raise that red heat to whiteness, and 
the change in the intensity of the light will be yisible to 
yon all. 

Fig.C5. 







Thns, then, I plunge my red-hot wire into a beaker of 
water w (fig. 65) : observe the lamp, it becomes almost too 
bright to look at. I raise the wire oat of the water and 
allow the motion of heat once more to develope itself; the 
motion of electricity is instantly impeded, and the lamp 
smks in brightness. I again dip the wire into the cold 
water, deeper and deeper : observe how the light becomes 
intensified— deeper BtiU, so as to quench the entire two feet 
of wire ; the augmented current raises the lamp to its maxi- 
mum brightness, and now it suddenly goes out. The cir- 
cuit is broken, for the coil has actually been fused by the 
additional flow of electricity. 

Let us now devote a moment's time to the conduction of 
cold. To all appearance cold may be conducted like heat. 
Here is a copper cylinder, which I warm a little by holding 
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it for a moment in my hand. I plMe it on the pile, and the 
needle goes up to 90^, declaring heat. On this cylmder I 
place a second one, whidi, as yon o1)8enre, I have chilled 
by sinking it for some time in this mass of ice. We wait 
a moment, the needle moves : it is now descending to zero, 
passes it, and goes on to 90^ on the side of cold. Analog7 
might well lead yon to suppose that the cold is condacfed 
downwards from the top cylinder to the bottom one, as 
the heat was conducted in our fonher experiments. I hare 
no objection to the term * conduction of cold,' if it be used 
with a dear knowledge of the real physical process in- 
volved. The real process is, that the warm intermediate 
cylinder first delivers up its motion, or heat, to the old cy- 
linder overhead, and, having thus lost its own possesaon 
of heat, it draws upon that of the pile. In our former ex- 
periments we had conduction of motion to the pile ; in oar 
present one we have conduction of motion J)rom the pile. 
In the former case the pile is heated, in the latter chilled; 
the heating produces a positive current, the chilling pro- 
duces a negative current ; but it is in both cases the propar 
gation of motion with which we have to do, the heating 
and the chilling depending solely upon the direction of 
propagation. I place one of these metal cylinders, which I 
have purposely cooled, on the face of our pile ; a violent 
deflection follows, declaring the chilling of the instrument 
Are we to suppose the cold to be an entity communicated 
to the pile? No. The pile here is the warm body; i^ 
molecular motion is in excess of that possessed by the cyl- 
inder ; and when both come into contact the pile seeks to 
make good the defect. It imparts a quantity of its own 
motion to the cylinder, and by its bounty becomes inapov- 
erished : it chills itself, and generates the current due to 
cold. 

I remove the cold metal cylinder, and place upon the 
pile a cylinder of wood, having the same temperature as 
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the metal ^me. The ohiU is very feeble, and the conBequent 
deflection very small. Why does not the cold wood pro- 
duce an action equal to that of the cold metal ? Simply be- 
cause the heat commnnicated tq it by the pile is accumnlajr 
ed at its nnder snrface ; it cannot escape through the bad 
condncting wood as it escapes through the metal, and thus 
the quantity of heat withdrawn from the pile, by the wood, 
is less than that withdrawn by the copper. A similar effect 
is produced when the human nerves are substituted for the 
pile. Suppose you come into a cold room and lay your 
hand upon the fire-irons, the chimney-piece, the chairs, the 
carpet, in succession ; they appear to you of different tem- 
peratures : the iron chills you more than the marble, the 
marble more than the wood, and soon. Your hand is a&cted 
exactly as the pile was affected in the last experiment. It 
is needless to say that the reverse takes place when you 
enter a hot room ; that is to say, a room hotter than your 
own.bodie9. I should certainly suffer if I were to lie down 
upon a plate of metal in a Turkish bath ; but I do not suffer 
when I lie down on a bench of wood. By preserving the 
body from contact with good conductors, very high tem- 
peratures may be endured. Eggs may be boiled and beef- 
steaks cooked, by the heat of an apartment in which the 
Uriag bodies of men sustsdn no injury. 

The exact philosophy of this last experiment is worthy 
of a moment's consideration. With it the names of Blag- 
den and Chantrey are associated, those eminent men hav- 
ing exposed themselves, in ovens, to temperatures consider- 
ably higher than that of boiling water. Let us compare 
the condition of the two living human beings, with that 
of two marble statues placed in the same oven. The stat- 
ues become gradually hotter, until finally they assume the 
temperature of the air of the oven ; the two sculptors, 
under the same circumstances, do not similarly rise in tem« 
perature. If they did, the tissues of the body would be 
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infallibly destroyed, ihe temperature which they endnred 
being more than Buffieient to stew the muscles in their own 
liquids. But the fact is, that the heat of the blood is 
scarcely affected by an augmentation of the external heat 
This heat} instead of being applied to Increase the t^ 
perature of the body, is applied to the performance of 
work, in altering the aggregation of the body ; it prepares 
the perspiration, forces it through the pores, and in part 
vaporises it. Heat is here converted into potential ea&- 
gy ; it is consumed in work. This is the waste-pipe, if I 
may use the term, through which the excess of heat ore^ 
flows ; and hence it is, that under the most varying condir 
ticms of climate the temperature of the human blood is 
practically constant. The blood of the Laplander is Beofii- 
bly as warm as that of the Hindoo ; while an Englishman, 
in sailing from the north pole to the south, finds his Uood- 
temperature hardly heightened by his approach to the 
equator, and hardly diminished by his approach to the antr 
arctic pole. 

When the communication of heat is gradual— as it al- 
ways is when the body is surrounded by an imperfiBCt 
conductor — ^the heat is consumed in the manner indicated 
as fast as it is supplied ; but if the supply of heat be so 
quick (as it would be in the case of contact with a good 
conductor) that the conversion into this harmless potential 
energy cannot be executed with sufficient rapidity, the in- 
jury of the tissues is the result. Some people have pro- 
fessed to see in this power of the living body to resst a 
high temperature, a conservative acti<m peculiar to the 
vital force. No doubt all the actions of the animal organ- 
ism are connected with what we call its vitality ; but the 
action here referred to is the same in kind as the melting 
of ice, or the vaporisation of water. It consists amply in 
the diversion of heat from the purposes of temperature to 
the performance of work. 
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Thus fkr we haye compared the condnctmg power of 
different bodies together; but the same substance may 
possess different powers of conduction ia different direc- 
tions. Many crystals are so built that the motion of heat 
runs with greater facility along certain lines of atoms than 
along others. Here, for instance, is a large rock-crystal — 
a crystal of quartz forming an hexagonal pillar, which, if 
complete would be terminated by two sixHsided pyramids. 
Heat travelB with greater facility along the axis of this 
crystal than across it. This has been proved in a very 
simple manner by M. de Senarmont. I have here two 
plates of quartz, one of which is cut parallel to the axis 
of the crystal, and the other perpendicular to it. I coat 
the plates with a layer of white wax, laid on by a camel's 
hair pencil. The plates are pierced at the centre, and into 
the hole I inser* •» wire, which I warm by an electric cur- 
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rent b (fig. 66) is the battery whence the current pro- 
ceeds ; c is a capsule of wood, through the bottom of which 
a sewing-needle passes ; c? is a second capsule, into which 
dips the point of the needle, and q is the perforated plate 
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of quartz. Each capsule containB a drop of mercnry. 
When the current passes from ctodj the needle is heated, 
and the heat is propagated in all directions. The wsx 
melts aronnd the place where the heat is applied ; and on 
this plate, which is cut perpendicular to the axis of the 
quartz, I find the figure of the melted wax to be a perfect 
circle (fig. 67). The heat has travelled with the same la- 
pidity all round, and melted the wax to the same distance 
in all directions. I make a gimili tr experiment with the 
other plate : the wax is now melting ; but I notice that its 
figure is no longer a circle. The heat travels more speedily 
along the axis than across it, and hence the wax figure ia an 
ellipse instead of a circle (fig. 67a). When the wax dries, 
I will project magnified images of these two plates upon 
the screen, and you will then see the circular figure of the 
melted wax on the one, and the oval figure of the wax on 
the other. Iceland spar conducts better along the crystat 
lographic axis than at right angles to it, while a crystal of 
tourmaline conducts best at right angles to its axis. V^^ 
metal bismuth, with which you are sJready acquainted, 
cleaves with great facility in one direction, and, as has been 
well shown by MM. Svanberg alid Matteucci, it conducts 
both heat and electricity better along the planes of cleav- 
age than across them. 

In wood we have an. eminent example of this difference 
of conductivity. Upwards of twenty years ago MM* ^ 
la Rive and De Candolle instituted an inquiry into the con- 
ductive power of wood,* and, in the case of five specim®^ 
examined, established the fact that the velocity of transnis- 
sion was greater along the fibre' than across it The manner 
of experiment was that usually adopted in inquiries of this 
nature, and which was applied to metals by M. Despreta-f 
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A bar of the snbstance was taken, one end of which was 
brought into contact with a source of heat, and allowed to 
remain so nntil a stationary temperature was assumed. 
The temperatures attained by the bar, at various distances 
from its heated end, were ascertained by means of ther- 
mometers fitting into cavities made to receive them ; from 
these data, with the aid of a well-known formula, the con- 
ductivity of the wood was determined. 

To determine the velocity of calorific transmission in 
difierent directions through wood, the instrument shown in 
fig. 68 was devised some years ago by myself, q q' b b' is 
an oblong piece of mahogany, a is a bar of imtimony, b is 
a bar of bismuth. The united ends of the two bars' are 
kept in dose contact by the ivory jaws 1 1', and the other 
ends are let into a second piece of ivory, in which they are 
firmly fixed. Soldered to these ends are two pieces of 
platinum wire, which proceed to the little ivory cups m m, 
enter through the sides of the cups, and communicate with 
a drop of mercury placed in the interior. The mahogany 
is cut away, so that the bars a and b are sunk to a depth 
which places their upper surfaces a little below the general 
level of the slab of mahogany. The ivory jaws 1 1' are sunk 
similarly. Two small projections are observed in the figure 
jutting from i i' ; across, from one projection to the other, 
a fine membrane is stretched, thus enclosing a little cham- 
ber m, in front ofnhe wedge-like end of the bismuth and 
antimony junction ; the chamber has an ivory bottom, s is 
a wooden slider, which can be moved smoothly back and 
forward along a bevelled groove, by means of the lever l. 
This lever turns on a pivot near q, and fits into a horizontal 
BUt in the slider, to which it is attached by the pin/>' pass- 
ing through both ; in the lever an oblong aperture is cut, 
tiirough which p' passes, and in which it &as a certain 
amount of lateral play, so as to enable it to push the slider 
forward in a straight line. Two projections are seen at 
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tbe end of the slider, and across, from projection to projeo- 
tioD, a thin membrane is stretched ; a chionber tn! is tlius 
formM, bomided on three sides and the bottom by wood, 
and in front by the m^nbrane. A thin platinnm wire, bent 
op and down several times, so as to form a kind of grating, 
is laid against the back of this chamber, and imbedded in 
the end of the slider by the stroke of a hammer ; the end 
in which the wire is imbedded is then filed down, tmtil 
about half the wire is removed, and the whole is rednced 
to a mdform flat surface. Against the common surface of 
the slider and wire, an extremely thin plate of mica is 
glned, sufficient, simply, to intermpt all contact between 
the bent wire and a quantity of mercnry which the cham- 
ber tn' is destined to contain ; the ends lo to^ of the bent 
wire proceed to two small cisterns c e\ hollowed out in a 
slab of ivory ; the wires enter through the substance into 
the dstems, and come thus into contact with mercury, which 
fills the latter. The end of the slider and its bent wire are 
shown in fig. 68(Z. The rectangular space e fg h (fig. 68) 
is cut quite through the slab of mahogany, and a brass 
plate is screwed to the latter underneath ; from this plate 
(which, for reasons to be explained presently, is cut away, 
as shown by the dotted lines in the figure) four conical 
ivory pillars abed project upwards ; though appearing to 
be upon the same plane as the upper surfaces of the bis* 
mnth and antimony bars, the points are in reality 0*8 of an 
inch below the said surfaces. 

The body to be exanuned is reduced to the shape of a 
cube, and is placed, by means of a pair of pliers, upon the 
four supports ahcd\\hQ slider s is then dniwn up against 
the cube, and the latter becomes firmly clasped between 
the projections of the piece of ivory i i' on the one side, 
and those of the slider s on the other. The chambers m m' 
being filled with mercury, the membrane in front of each 
is pressed genily against the cube by the interior fluid 
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mass, and in this way perfect contact, which is ab 
essential, is secured. 

The problem which requires solution is the follo^g: 
— ^It is required to apply a source of heat of a strictly 
measurable character, and always readily attunable, to 
that face of the cube which is .in contact with the mem- 
brane at ibe end of the slider, and to determine the quan- 
tity of this heat which crosses the cube to the opposite 
face, in a minute of time. For the solution of this prob- 
lem, two things are required — ^first, the source of heat to 
be applied to the left hand of the face of the cube, and sec- 
ondly, a means of measuring the amount which has maae 
its appearance at the opposite face at the expir^on of a 
minute. 

To obtain a source of heat of the nature described, the 
following method was adopted : — ^b is a small galvanic bat- 
tery, from which a current proceeds to the tangent galvan- 
ometer T ; passes round the ring of the instrument, deflect- 
ing in its passage the magnetic needle, which hangs in the 
centre of the ring. From t the current proceeds to the 
rheostat b ; this instrument consists of a cylinder of ser- 
pentine stone, round which a German silver wire is coiled 
spirally; by turning the handle of the instrument, any 
required quantity of this powerfully resisting "wir® ^ 
thrown into the circuit, the current being thus regulated at 
pleasure. The sole use of these two last instruments, m tne 
present series of experiments, is to keep the current p^- 
fectly constant from day to day. From the rheostat the 
current proceeds to the cistern c, thence through the ben 
wire,.and back to the cistern c', from which it proceeds 
the other pole of the battery. 

The bent wire, during the passage of the current, oe* 
comes gently heated ; this heat is transmitted through toe 
mercury in the chamber m' to the membrane in fro^* ^ 
the chamber ; this membrane becomes the proxijiiat® ^^^ 
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of heat which is applied to the left-hand face of the cube. 
The quantity of heat transmitted from this source, through 
the mass of the cube, to the opposite face, in any given 
tune, is estimated from the deflection which it is able to 
produce upon the needle of a galvanometer, connected with 
the bismuth and antimony pair, o is a galvanometer used 
for this purpose; &om it proceed wires to the mercury 
caps M M, which, as before remarked, are connected by pla- 
traum wires with a and b. , 

The action of mercury upon bismuth, as a solvent, is 
well known ; an amalgam is speedily formed when the two 
metals come into contact. To preserve the thermo-electric 
couple fitoni this action, their ends are protected by a 
sheathing of the same miembrane as that used in front of 
the diambers m rn!. • 

Previous to the cube's being placed between the two 
membranes, the latter, by virtue of the fluid masses behind 
them, bulge out a little, thus forming a pair of soft and 
slightly convex cushions. When the cube is placed on its 
supports, and the slider is brought up against it, both cush- 
ions are pressed flat, and thus make the contact perfect. 
The surface of the cube is larger than the surface of the 
membrane ; * and thus the former is always firmly caught 
between the opposed rigid projections, the slider being held 
fast in this position by means of the spring r, which is then 
attached to the pin />. The exact manner of experiment is 
as follows : — ^Having first seen that the needle of the gal- 
vanometer points to zero, when the thermo-circuit is com- 
plete, the latter is interrupted by means of the break-cir- 
cuit key V, At a certain moment, marked by the second- 
hand of a watch, the voltaic circuit is closed by the key A?, 
and the current is permitted to circulate for sixty seconds ; 
at the sixtieth second the voltaic circuit is broken by the 

* The edge of each cube measured 0*3 inch. 
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left hand at kj yrtaHe, at the Bame instant, the the^n(H9^ 
enit is dosed by the right hand at Js^. The needle of tbe 
galyanometer is instantly deflected, and the limit of tbe 
first impulsion is noted ; the amount of this impnlmcm de- 
pends, of ootirse, upon the quantity of heat wUoh has 
reached the bismuth and antimony juncti<m tbroog^ tfie 
mass of the cube, during the tinie of action. Tbe hunt of 
the first impulsion being noted, the cube is remored nd 
the instrument is allowed to«co<d, until the needle of ^ 
galvanometer returns to zero. Anothw cube bdng intro- 
duced, the voltaic circuit is once more dosed, the carrent 
permitted to circulate sixty seconds, then interrupted \fj 
the left hand, the thermoKdrcuit being dosed at4he same 
moment with the right, and t^e limit of the first swing is 
neted as before. 

Judging from the description, the mode of experiment 
may appear complicated, but in reality it is not so. A m- 
gle experimenter has the most'complete command over ^ 
entire arrangement. The wires from the small galvanic 
battery (a angle cell) remain tmdisturbed from day to day; 
all that is to be done is to connect the battery with ihem, 
and everything is ready for experiment. 

There are in wood three lines, at right angles with ei4 
other, which the mere inspection of the substance enaUea 
us to fix upon as the necessary resultants of molecular ac- 
tion : the first line is paralld to the £bre ; the second is 
perpendicular to the fibre, and to the ligneous layers whidi 
indicate the annual growth of the tree ; while the third is 
perpendicular to the fibre, and parallel, or rather tang^tial, 
to the layers. From each of a number of trees a cube was 
cut, two of whose faces were parallel to the ligneoos lay- 
ers, two perpendicular to them, while the remaining two 
were perpendicular to the fibre. It was proposed to exam- 
ine the velodty of calorific transmission through the wood 
in these three directions. It may be r^narked that ti^ 
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cubes w^^ fitir aya-^ge specimens of the woods, and were 
in all oases well-seasoned and dry. 

The cube was first placed npon its four supports abcd^ 
so that the line of flax from m' torn was parallel to the 
fibre, and the deflection produced by the heat transmitted 
in sixty seconds was obsenred. The position of the cube 
was then changed, so that its fibre stood vertical, the line 
of flux from m'tom being perpendicular to the fibre, and 
parallel to the ligneous layers ; the defledtion produced by 
a minute^s action in this, case was also determined. Final- 
ly, the cube was turned 90° round, its fibre being still ver- 
tical, so that the line of flux was perpendicular to both fibre 
and layers, and the consequent d^ection was observed. 
In the comparison of these two latter directions the chief 
delicacy of manipulation is necessary. It requires but a 
rough experiment to demonstrate the superior velodty of 
propagatbn along the fibre, but the velocities in all di- 
rections perpendicular to the fibre are so nearly equal that 
it is only by great care, and, in the majority of cases, by 
numerous experiments, that a difference of action can be 
secorely established. 

The following table contains some of the results of the 
enqoiry ; it will eicplain itself: — 
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DMoriptkm of Wood. 



1 American Birch 

2 Oak 

8 Beech , 

4 Coromandel-wood 

5 BiidVeje Maple 

6 Lance-wood 

7 Box-wood « , 

8 Teak-wood , 

9 RoM-wood. 

10 Peravian-wood 

11 Green-heart 

12 Wahrat 

13 Drooping Ash.. , 

14 Cocoa-wood 

15 Sandal-wood 

16 Toiip-wood 

17 Camphor-wood 

18 Olive-tree 

19 Aak 

20 Black Oak. 

21 Apple-tree 

22 Iron-wood 

23 Chestnut 

24 Sycamore 

25 Honduras Mahogany.. 

26 Brazil-wood 

27 Yew 

28 Elm 

29 Plane-tree 

30 Portugal Laurel 

31 Spanish Mahogany 

32 Scotch Fir 



DnrLBonoBi. 



PinUlol to 
fibre. 



35 
34 
88 
38 
81 
81 
81 
81 
81 
30 
29 
28 
28 
28 
28 
28 
28 
28 
27 
27 
26 
26 
26 
26 
26 
26 
24 
24 
24 
24 
»23 



IL 

Perpendleolftr 
toflbreand 
parallel to 

Ilgneoo* laywB. 



9-0 

96 

8-8 

9-8 

11-0 

10-6 

9-9 

9-9 

10-4 

10-7 

11-4 

11-0 

11-0 

11-9 

10-0 

11-0 

8-6 

10-6 

9-6 

8-0 

10-6 

10-2 

101 

10-6 

9-0 

11-9 

11-0 

10-0 

10-0 

100 

116 

lOO 



m. 



Perpendienlir 

toAbreaad 

to 

UgneooB ItT*"" 



11-0 
II-O 
10-8 
12-3 
I2'0 
121 
12-0 
■12-4 
12-S 

n-7 

12-6 
lS-0 
120 
18-6 
11-7 
12-1 
10-0 
13-2 
11-6 
9-4 
12-6 
12-4 
11-5 
12-2 
lOO 
18-9 
120 
11-6 
12-0 
11-6 
12-6 
12-0 



The above table furnishes us with a corroboration of 
the result arrived at by De la Rive and De CandoUe, re- 
garding the superior conductivity of the wood in the direc- 
tion of the fibre. Evidence is also afbrded as to how little 
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mere density affects the velocity of transmission. There 
appears to be neither law nor general rule here. American 
Birch, a comparatively light wood, possesses midoubtedly 
a higher transmissive power than any other in the list. 
Iron-wood, on the contrary, with a specific gravity of 1*426, 
stands low. Again, Oak and Coromandel-wood — the latter 
so hard and dense that it is nsed for sharp war-instrmnents 
by savage tribes — stand near the head of the list, while 
Scotch Fir and other light woods stand low. 

If we cast our eyes along the second and third colranns 
of the table, we shall find that in every instance the velocity 
of propagation is greatest in a direction perpendicular to 
the ligneous layers. The law of molecular action, as re^ 
gards the tr^smission of heat through wood, may there- 
fore be expressed as foHows : — 

At aU the points not situate in tJie centre of the tree, 
wood possesses three unequal axes of calorific eonduction, 
which are at right angles to each other. The first, and 
principal axis, is parallel to the fibre of the wood ; the 
second, and intermediate axis, is perpendicular to the fibre 
and to the ligneous layers ; while the third and least axis 
is perpendicular to the fibre and parallel to the layers. 

MM. De la Rive and De Candolle have remarked upon 
the influence which its feeble conducting power in a lateral 
direction- must exert in preserving within a tree the warmth 
which it acquires from the soiL In- virtue of this property 
a tree is able to resist sudden changes of temperature which 
would probably be prejudicial to it : it resists alike the sud- 
den abstraction of heat from within and the sudden acces- 
sion of it from without. But Nature has gone further, and 
clothes the tree with a sheathing of worse-conducting ma- 
terial than the wood itself, even in its worst direction. 
The following are the deflections obtained by submitting 
11 
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a number of cubes of bark, of the same size as the cabes 
of wood, to the same conditions of experiment : — 



Beech-tree Bark . 


Deflection 


CotrespODding deflooUoD 
produced by tbe wood 


Oak-tree Bark . 


. 1 


11-0 


Elm-tree Bark . 


. . 7 


11-6 


Pine-tree Bark . 


. 7 


120 
^ A.^« 



The direction of transmission, in these cases, was from 
the interior surface of the bark outwards. 

The average deflection produced by a cube of wood, 
when the flux is lateral, may be taken at 

12''; 

a cube of rock crystal (pure silica), of the same size, pro- 
duces the deflection of 

Two bodies so diverse, where* they cover any considfir- 
able portion of the earth's surface, must affect tiiie climate 
very jiifferently. There are the strongest expcrimeital 
grounds for believing that rock-crystal possesses a higber 
conductive power than some of the metals. 

The following numbers express the transmissive power 
of a few other organic structures : cubes of the substancefl 
were examined in the usual manner :— ^ 

Tooth of Walrus .... 16 
Task of East-Indian Elephant . . 17 

Whalebone 9 

Rhinooeroa*-hom . . . .9 
Cow'fl-hom 9 

Sudden changes of temperature are prejudicial to ani- 
mal and vegetable health ; the substances used in the con- 
struction of organic tissues are exactly such as are best cal- 
culated to resist those changes. 

The following results further illustrate this point Eadi 
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of the sabstanoes mentioned was reduced to the cubical 
form, and sulnnitted to an ezaipination sinuter in every 
respect to that of wood and quartz. While, however, a 
cube of the latter substance produces a deflection of 00^, a 
cube of 

Sealmg-wax produces a deflection of . .0*" 
Soleleather . . . ' . . ..0 

BeeB*-wax 

Glue 

Gotta-peroha 

Indla-rabber . 

Filbert-kernel 

Almond-kernel 

Boiled ham-mnsde 

Baw yeal-mnacle • . • . • .0 

Hie substances here named are animal and vegetable 
produ<^ons ; and the expenments demonstrate the extreme 
inq>eTviousness of every one of them. Starting from the 
principle that-sudden accessions or deprivations of heat are 
prejudicial to animal and vegetable health, we see that the 
materials chosen are precisely those which are best calcu- 
lated to avert such changes. 

I wish now to direct your attention to what may, at 
first fiigfat, appear to you a paradoxical experilnent. Here 
is a short prism of bismuth, and here another of iron, of 
the same size. I coat the ends of both prisms with white 
wax, and then place them, with their coated surfaces up- 
wards, on the lid of this vessel, which contains hot water. 
The motion of heat will propagate itself through the 
prisms, and you are to observe the melting of the wax. It 
is already beginning to yield, but on which ? On the bis- 
muth. And now the white has entirely disappeared from 
the bismuth, the wax overspreads it in a transparent liquid 
layer, while the wax on the iron is not yet melted. How 
is this result to be reconciled with the fact stated in our 
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table (page 224), that, the conduction of iron bemg 12, 
conduction of bismuth ifi only 2 ? In this experiment the 
bismuth seems to be the best conductor. We solve this 
enigma by turning to our table of 8))ecific heat (Lecture 
Y.) ; we there find that, the specific heat of iron being 
1138, that of bismuth is only 808 ; to raise it, therefore, a 
certain number of degrees in temperature, iron require 
more than three times the absolute quantity of heat re- 
quired by bismuth. Thus, though the iron is rea% a modi 
better conductor than the bismuth, and is at this moment 
accepting, in every unit of time, a much greater amount 
of heat than the bismuth, still, in consequence of the num- 
ber of its atoms, or the magnitude of its interior work, the 
augmentation of temperature, in the case of iron, is slow. 
Bismuth, on the contrary, can immediately devote a large 
proportion of the heat imparted to it to the augnumtstion 
of temperature ; and thus it apparently outstrips the iron in 
the transn^ssion of that motion to which temperature is 
due. 

Ton see here very plainly the incorrectness of tbe 
statements sometimes made in books, and certainly made 
• very frequently by candidates in our science examinations, 
regarding the experiment of Ingenhausz, to which I have 
already referred. It is usually stated, that the greater the 
quickness with which the wax melts, the better is the con- 
ductor. If the bad conductor and the good (conductor have 
the same specific heat, this is true, but in other cases, as 
proved by our last experiment, it may be entirely incorrect 
The proper way of proceeding, as already indicated, ia,to 
wait until both the iron and the bismuth have attained a 
constant temperature — ^till each of them, in fact, has ac- 
cepted, and is transmitting, all the motion, which it can ac- 
cept, or transmit, from the source of heat ; when this is 
done, it is found that the quantity transmitted by the. iron 
is six times greater than that transmitted by the hiBOi^' 
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You remember our experiments with the Trevelyan instru- 
ment, and know the utility of having a highly expansible 
body as the bearer of the rocker. Lead is good, because 
it is thus expansible. But the coefficient of expansion of 
zinc is sUghtly higher than that of lead ; still zinc does not 
answer well as a block. The reason is, the specific heat of 
zinc is more than three times that of lead, so that the heat 
communicated to the zinc by the contact of the rocker, 
produces only about one-third" the augmentation of tem- 
perature, and a correspondingly small amount of local ex- 
pansion. 

These considerations also show that in our experiments 
on wood the quantity of heat transmitted by our cube in 
one minute's time, cannot, in strictness, be regarded as the 
expression of the conductivity of the wood, unless the 
specific heat of the various woods be the same. On this 
point no experiments have been made. But as regards the 
influence of molecular structure, the experiments hold 
good, for here we compare one direction with another, in 
the same cube. With respect to organic structures, I may 
add that, even allowing them time to accept all the motion 
which they are capable of accepting, from a source of heat*, 
their power'^of transmitting that motion is exceedingly 
low. They are reaJly bad conductors. 

It is the imperfect conductibility of woollen textures 
which renders them so eminently fit for clothing. They 
preserve the body from sudden accessions or losses of heat 
The same quality of non-conductibility manifests itself when 
we wrap flannel round a block of ice. The ice thus pre- 
served is not easily melted. In the case of a human body 
on a cold day, the woollen clothing prevents the transmis- 
Aon of motion from within outwards ; in the case of the 
ice on a warm day, the self-same fabric prevents the trans- 
mission of motion from without inwards. Animals which 
inhabit cold climates are furnished by Nature with their 
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neoessary dotibing. Birds esped&Dy need this proteotaon, 
for they are still more warm-blooded tlian th^ mamnnJiai 
They are fximished with feathers, and between the feathers 
the interstices are filled with down, the ^lolecalar consti- 
tution ^id mechanical texture of which render it, perhaps, 
the worst of all conductors. Here we have another ezam^ 
pie of that harmonious relation of life to the conditions of 
life, which is incessantly presented to the student of nat- 
> ural science. • 

The indefatigable Rumford made an. elaborate series 
of experiments on the conductivity of the substances used in 
clothing.* His method was this : — ^A mercurial thermonh 
eter was suspended in the axis of a cylindrical glass tube 
ending with a globe, in such a manner that the oentxe of 
the bulb of the thermometer occupied the centre of the 
globe ;' the space between the internal surface of the globe 
and the bulb was filled with the substanoe whose oopdoct- 
ive power was to be determined ; the instrument was then 
heated in boiling water, and afterwards, being plunged into 
a freezing mixture of pounded ice and salt, the times of 
cooling down 136° Fahr. were noted. They are record^ 
in the following table : — 









Seconds 


Twisted Bilk .... 917- 


Fine lint . 






. 1082 


Cottonwool 






. 1046 


Sheep's wool 






. 1118 


Taffety . 






. 1169 


Raw silk . 






. 1264 


Beavers* fur 






. 1296 


Eider down 






. 1806 


Hares' fur . 




t • 


• . 1812 


Wood ashes 






. 927 


Charcoal . 






. 98Y 


Lamp-blaQk 






. 1117 



• PWL Trans. 1792, p. 48. 
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.Amoi^ the Bobstanoes kere ezamined, hares' fiir offered 
the greatest impediment to the transmission of the heat. 

The transmission of heat is powerfully influenced by 
the medutnical state of the body through which it passes. 
The raw and twisted silk of Kmnford's table illostarate 
this. Pure silica, in the state of hard rock-orystal, is it 
better conduotor than bismuth or lead ; but if the crystal 
be reduced to powder, the propagation of heat through 
that powder is exceedingly slow. Through transparent 
rock-salt heat is copiously conducted, through common 
table-salt very feebly. I have here some asbestos, whi<^ 
is composed of certmn silicates in a fibrous condition ; I 
place it on my hand, and on it I place a red-hot iron ball : 
you see I can support the ball without inconyenience. The 
asbestos intercepts the heat. That this division of the sub- 
stance should interfere with the transmission might reason- 
aUy be inferred ; for, heat being motion, anything which 
disturbs the c(mtinuity of the molecular chain, along which 
the nation is conveyed, must affect the transmission. In 
the case of the asbestos the fibres of the silicates are sepa- 
rated from each other by spaces of air ; to propagate itself, 
therefore, the motion has to pass from the silicate to the 
air, a very light body, and again from the air to the sili- 
cate, a comparatively heavy body ; and it is easy to see 
tiiat the transmission of motion through this composite tex- 
ture must be very imperfect In the case of an animal's 
fur, this is more especially the case ; for here not only do 
spaces of air intervene between the hairs, but the hairs 
themselves, unlike the fibres of the asbestos, are very bad 
conductors. Lava has been known to flow over a layer of 
ashes underneath which was a bed of ice, and the non-con- 
ductivity of the ashes has saved the ice from fusion. Red- 
hot cannon-balls may be wheeled to the gun's mouth in 
wooden barrows partially filled with sand. Ice is packed 
in sawdust to prevent it from melting ; powdered charcoal 
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is also an eifiinently bad conductor. But there are oases 
where sawdust, chstS, or charcoal conld not be used with 
safety, on account of their combustible nature. In such 
cases, powdered gypsum may be used with advantage ; in 
the soUd crystalline state it is incomparably a worse con- 
ductor than silica, and it may 1^ safely inferred, that in 
the powdered state its imperviousness far transcends that 
of sand, each grain of which is a good conductor, A 
jacket of gypsum powder round a steam boiler would mar 
terially lessen its loss of heat. 

Water usually holds certain nunerals in solution. In 
percolating through the earth, it dissolves more or less of 
the substances with which it comes into contact For 
example, in chalk districts the water always contains a 
quantity of carbonate of lime ; such water is called hard 
uxUer. Sulphate of lime is also a common ingredi^t of 
water. In evaporating, the water is only driven off,^the min- 
eral is left behind, and often in quantities too great to be 
held in solution by the water. Many springs are strongly 
impregnated by carbonate of lime, and the consequence is, 
that when the waters of such springs reach the surface and 
are exposed to the air, where they can partially evaporate, 
the mineral is precipitated, and forms incrustations on the 
surfaces of plants and stones over which the water trickles. 
In tibe boiling of water the same oocurs ; the minerals are 
precipitated, and there is scarcely a kettle in London whiA 
is not internally coated with a mineral incrustation. This 
is an extremely serious difficulty as regards steam boilers ; 
the crust is a bad conductor, and it may become so thick as 
materially to intercept the passage of heat to the water. I 
have here an example of this mischief. This is a portion 
ef a boUer belonging to a steamer, which was all but lost 
through the exhaustion of her coals : to bring this vessel 
into port.her spars and every piece of avmlable wood were 
burnt. On examination thb formidable incrustation was 
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found within the boiler : it is mainly carbonate of Bme, 
which by its non-c<HidactiDg power rendered a prodigal ex- 
penditure of fuel necessary to generate the required quan- 
. tity of steam. Doubtless the slowness of many kettles in 
boiling would be found due to a similar cause. 

I wish now to bring before you one or two instances of 
the action of good conductors in preventing the local ac- 
cumulation of heat* I have here two spheres of the same 
Bize, both covered closely with white paper. One of them 
is copper, the other is wood. I place a spirit lamp under- 
neath each of them, and after a time we will observe the 
effect. The motion of heat is, of course, conmiunicating it* 
self to each ball, but in one it is quickly conducted away 
from the place of contact with the flame, through the entire 
mass of the ball ; in the other this quick conduction does 
not take place, the motion therefore accumulates at the 
point where the flame plays upon the ball ; and here you 
have the result. I turn up the wooden ball, the white pa- 
per is quite charred ; I turn up the other ball, — so far from 
being charred, it is wet at its under surface by the condensa- 
tion of the aqueous vapour generated by the lamp. Here 
is a cylinder covered closely with paper ; I hold its centre 
thus over the lamp, turning it so that the flame shall play 
aU round tiie cylinder : you see a well-defined black mark, 
on <me side of which the paper is charred, on the other 
side not. Ihe cylinder is half brass and half wood, and 
this bladAiMrk shows their line of junction : where the 
paper covers the wood, it is charred ; where it covers the 
brass, it is not s^isibly affected. 

If the entire moving force of a common rifle bullet 
wet^ communicated to a heavy cannon-ball, it would pro- 
duce in the latter a very small amount of motion. Sup- 
posing the rifle bullet to weigh two ounces, and to have a 
velocity of 1,600 feet a second, the moving force of this 
bullet communicated to a 100 lb. cannon-ball would impart 
11* 
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to the latter a velocity of only 82 feet a seocnid. Tbns 
with regard to a flame; its molecular motion isyeryifr 
tense, but its weight is extremely small, and if oommimi- 
cated to a heavy body, the intensity of the motion most 
falL For example, I have here a sheet of wire game, witk 
meshes wide enough to allow air to pass throng tiiem 
with the utmost freedom ; and here is a jet of gas bonimg 
brilliantly. I bring down the wire gauze upon the flame; 
you would imagine that the flame could readily pass 
through the meshes of the gauze ; but no, npt a flicker gets 
through (fig. 69). The combustion is entirely confined to 
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the space under the gauze. I extinguish the flame, and al* 
low tiie unignited gas to stream from the burner. I place 
the wire gauze thus above the burner : the gas, I know, is 
now freely passing through the meshes. I ignite the gas 
above ; there you have the flame, but it does not propagate 
itself downwards to the burner (fig. 70). Toftee a dsrk 
space of four* inches between the burner and the gauze, a 
space filled with gas in a condition eminentiy favourable-to 
ignition, but still it does not ignite. Thus, you see, this 
metallic gauze, which allows the gas to pass fredy throagh, 
intercepts the flame. And why ? A certain heat is neces- 
sary to cause the gas to ignite ; but by placing the wire 
gauze over the flame, or the flame over the wire gauze, you 
transfer the motion of that light and. quivering thing to 



THE BAVBrr-LAliP. 251 

the comparatiyely heavy gauze. TI^ intensity of the molo- 
eolar motion la greatly lowered by being commimicated 
to 80 ^reat a mass of matter— so much lowered, indeed, 
that it is incompetent to propagate the combustion to the 
opposite side of the gauze. 

We are idl, unhappily, too well acquainted with the ter- 
rible accidents that occur through explosions in coal mines. 
Ton know that the cause of these explosions is the presence 
of a certain gas — a compound of carbon and hydrogen — 
generated in the coal strata. When this gas is mixed with 
a suflicient quantity Of air, it explodes on ignition, the car- 
bon of the gas uniting with the oxygen of the idr, to pro- 
duce carbonic acid ; the hydrogen of the gas uniting with 
the oxygen of the air to produce water. By the flame of 
the explosion the miners are burnt ; but even should this 
not destroy life, they are often suffocated afterwards by 
the carbonic acid produced. The original gas is the miner's 
* fire-damp,* the carbonic acid is his * choke-damp.* Sir 
Humphry Davy, aftjer having assured himself of .the action 
of wire gauze, which I have just exhibited before you, ap- 
plied it to the construction of a lamp which should enable 
the miner to carry his light into an explosive atmosphere. 
Previous to the introduction of the 8<rfety4amp^ the miner 
had to content himself -with the light from sparks pro- 
duced by the collision of flint and steel,. for it was found 
that these sparks were incompetent to ignite the fire- 
damp. 

Davy surrounded a conmion oil lamp by a cylinder of 
wire gauze (fig. 71). As long as this lamp is fed by pure 
air, the flame bums wi^h the ordinary brightness of an oil- 
flame ; but when the miner comes into an atmosphere which 
contains *• fire-damp,' his dame enlarges, and becomes less 
luminous ; instead of being fed by the pure oxygen of the 
sir, it is now in part surrounded by inflammable gas. This 
he ought to take as a wuning to retire. Still, though a 
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Fig. n. 



continnons explosive a|po8phere may extend from the air 
ontside, through the meshes of the gauze, to the flame 
within, the ignition is not propagated 
across the gauze. The lampmay be fifled 
with an ahnost lightless flame, and still 
explosion does not occur. A defect in 
the gauze, the destruction of the wire at 
any point by oxidation, hastened by the 
flame playing against it, would cause an 
explosion. The motion of the lamp 
through the air might also force, mechan- 
ically, the flame througli the meshes. In 
short, a certain amount of intelligenoe 
and caution is necessary in using the 
lamp. The intelligence, unhappily, is not 
always possessed, nor the* caution always 
exercised, by the miner ; and the conse- 
quence is, that even with the safety-lamp, 
explosions still occur. Before permitting 
a man or a boy to enter a mine, would it 
not be well to place these results, by ex- 
periment, -vdsibly before him ? Mere ad- 
vice will not enforce caution ; but let the miner have the 
physical image of. what he is to expect, clearly and vividly 
before his mind, and ^e will find it a restraining and a 
monitory influence, long after the efiect of cautioning 
words has passed away. 

A word or two now on the conductivity of liquids and 
gases. Rumford made numerous. experiments on this snb- 
ject, showing at once clearness of conception and sKD o* 
execution. He supposed liquids to be non-conductors, 
clearly distinguishing the * transport ' of heat by convec- 
tion from true conduction ; and in order to prevent convec- 
tion in his liquids, he heated them at the top. In this way 
he found the heat of a warm iron cylinder incompetent to 
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-pass downwards through 0*2 of an mdi of ofive oil ; he also 
boiled water in a glass tube, over ice, without meltbg the 
sabstanee. The later experiments of M. Despretz show, 
however, that liquids possess true, though extremely feeble, 
powers of conduction, Bumford also denied the conductiv- 
ity of gases, though h^was well acquainted with their con- 
vection.* Hie subject of gaseous conduction has been re- 
cently taken up by Professor Magnus, of Berlin, who con- 
siders that his experiments prove that hydrogen gas con- 
ducts heat like a metaL 

The cooling action of air may be thus prettily illustrat- 
ed — here is a platinum wire, formed into a coil ; I send a 
T<dtaic current through the coil, till it glows bright red. I 
now stretch out the coil so as to form a straight vrire ; the 
g^ow instantly sinks — ^you can now hardly see it. This effect 
18 .dttt ^rtirely to the freer access of tibe cold air to the 
stretched wire. Here, again, is a receiver b (fig. 72) which 
can be exhausted at pleasure ; attached to the bottom is a 
vertical metal rod, m n, and through the top another rod, 
a by passes, which can be moved up and down through an 
air-tight collar, so as to bring the ends of the two rods 
within any required distance of each other. At present 
the rods are united by two inches of platinum Wire, b m, 
which I can heat to any required degree of intensity by a 
Toltaic current. I have here a small battery, and now I 
make my connections ; the wire is barely luminous enough 
to be seen ; in fact, the current from a single cell only is 
now sent through it. It is surrounded by air, which, no 
doubt, is carrying off a portion of its heat. I exhaust 
the receiver — the wire glows more brightly than before. 
I allow air to enter — ^the wire, for a time, is quite 
quenched, rendered perfectly black ; but after the sir has 
ceased to enter, its first feeble glow is restored. The cur- 

^ Phil. Trsns. 1702: Essays, toI. ii p. 56. 



354 



LECfTUBB yn. 




rent of air here passing over the wire, and destroying its 
glow, acts like the current which the wire itself establishes 
by heating the air in contact with it 
lie cooling of the wire in both cases is 
due to convection and not to true con- 
duction. ^ 

The same effect is obtained. in a great- 
ly increased degree, if hydrogen be used 
instead of air. We owe this interesting 
observation to Mr. Grove, and it formed 
the starting-point of M, Magnus's investi- 
gation. The receiver is now exhausted, 
and the wire is ahnost white-hot. Air 
cannot do more than reduce that white- 
ness to bright redness ; but observe what 
hydrogen can do. On the entrance of 
this gas the wire is totally quenched, and 
A^n even after the receiver has been filled 

^■^„Ji Ik^ -^ with the gas, and the inward current has 
^"^fli^^ ceased, the glow of the wire is not re- 
stored. The electric current now passing 
through the wire is from two cells ; I try 
three cells, the wire glows feebly ; five cause' it to glow 
more brightly, but even with five it is V^it a bright red. 
Were the hydrogen not there, the current now passing 
through the wire would infallibly fuse it. Let us see 
whether this is not the -case^ I commence exhau8tion,--tne 
first few strokes of the pump produce a scarcely sensible 
effect ; but I continue to work the pump, and now the 
effect begins to be visible. The wire whitens and appears* 
to thicken. To those at a distance it is now as thick as a 
goose-quill ; and now it glows upon the point of ftaon ; A 
continue to work the pump, the light suddenly vanishes, 
the wire is fused. 

This extraordinary cooling power of hydrogen has be^^ 
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rmaaOj ascribed to the mobility of its particles, whidi ena- 
bles cnrrents to establish themselves in this gas with great- 
er facility than in any other. But Prof. Magnus conceives 
the ohillhig of the wire to be an effect of conduction. To 
impede, if not prevent, the formation of currents, he passes 
his platmum wire along the axis of a narrow glass tube, 
whieh he fills widi hydrogen. Although in this case the 
wire is surrounded by a mere film of the gas, and currents, 
in the ordinary sense, are scarcely to be assumed, the film 
shows itself just as competent to quench the wire, as when 
the latter is caused to pass through a large vessel contain- 
ing tho gas. He also heated the closed top of a vessel, and 
found that the heat was conveyed more quickly from it to 
a thermometer, placed at some distance below the source 
of beat, when the vessel was filled with hydrogep, than 
when it was filled with air. He found this to be the case, 
ev^i when the vessel was loosely filled with cotton wool or 
eider do^^m. • Here, he contends, currents could not be 
formed ; the heat must be conveyed to the thermometer by 
the true process of conduction, and not by convection. 

Beautiful and ingenious as these experiments are, I do 
not think they conclusively establish the conductivity of 
hydrogen. Let us suppose the wire in Prof. Magnus's first 
experiment to be ^retched along the axis of a wide cylin- 
der containing hydrogen, we should have convection, in the 
(vdinary sense, on heating the wire. Where does the heat 
thus dispersed ultimately go ? It is manifestly given up to 
the sides of the cylinder, and if we narrow our cylinder we 
simply hasten the transfer. The process of narrowing may 
continue till a narrow tube is the result, — ^the convection 
between centre and sides will continue and produce the 
same cooling effect as before. The heat of the gas being 
iDstantly lowered byoom^unicatipn to the heavy tube, it 
is prepared to re-abstract the heat from tlje wire. With 
regard also to the vessel heated at the top, it would require 
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Mnirfaoe mathematioaDy horizontal, and a perfectly uniform 
application of heat to that snrfaoe— it would, moreoyer, be 
necessary to cut the heat sharply off from the sides of the 
vesseli— to preyent oonyection. Eyen in the interstices of 
the eider down and of the cotton wool the conyectiye mo- 
bility of hydrog^i will make itself felt, and taking eyery- 
thing into aooomit, I think the ezperim^tal qnestacm of 
gaseous conduction is still an open one. 



LECTURE- VIII. 

[March 13, 1862.] 

COOLING ▲ LOSS OF MOTIOH : TO WHAT IS THIS MOTION UCP ABTEO ?— KX- 
PSBIMXNT8 ON SOUND BEARING ON THIS QUESTION — ^EXPERIMENTS ON 
LIGHT BEARING ON THIS QUESTION — ^THE THEORIES Ot EMISSION AND 
UNDULATION — ^LENGTH 07 WATE8 OLND NUMBER OT IMPULSES OP LIGHT 
—PHYSICAL CAUSE OP COLOUR — INTISIBLE RATS OP THE SPECTRUM — 
THE CALORIPIC RATS BEYOND THE RED-— THE CHEMICAL RAYS BEYOND 
THE BLUE — ^DEFINITION OP RADIANT HEAT — ^REPLECnON OP RADIANT 
HSAT FROM PLANE AND CURYED SURFACES: LAWS THE SAME AS THOSE 
OF LIGHT — CONJUGATE MIRRORS. 

appendix:— ON singing FLAMESk 

1 IT^ have this day reached the boundary of one of the 
VV two great divisions of onr subject; hitherto we 
have dealt with heat while associated with solid, liquid, or 
gaseous bodies. We have found it competent to jprodxwe 
dianges of volume in all these bodies. We have also ob- 
served it reducing solids to liquids, and liquids to vapours ; 
we have seen it transmitted through solids by the process 
of conduction, and distributing itself through liquids and 
gases by the process of convection. We have now to fbl- 
Ipw it into conditions of existence, different from any 
which we have examined hitherto. 

I hang this heated copper ball in the air ; yon see it 
glow, the glow smks, the bsJl becomes obscure ; in popular 
langU2^ the ball cools. Bearing in mind what has been 
said on the nature of heat, we must regard this cooling as 
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a I088 of motion on the part of the balL Bat motion i 
not be lost without being imparted to. something ; to what 
then is the molecular motion of this ball transferre4? 
You would, perhaps, answer to the air, and thia is partly 
true : oyer the ball air is passing, and rising in a heated 
column, Vhich is quite visible against the screen, when we 
allow the electric beam to pass through the warmed air/ 
But not the whole, nor even the chief part, of the molecu- 
lar motion of the ball is lost in this way. If the ball were 
placed in vacuo it would still cooL Rumford, of whom we 
have heard so much, contrived to hang a small thermom- 
eter, bj/ a single Jibre o/sUk^ in the middle of a glass globe 
exhausted by means of mercury, and he found that the cal* 
orifio rays passed to and fro across the vacuum ; thus prov- 
iug that the transmission of the heat was independent of 
the air. Davy, mth an apparatus which I have here be- 
fore me, showed that the heat rays from the electric light 
passed freely through an air-pump vacuum; and we can 
repeat his experiment substantially for ourselves. I simjdy 
take the receiver made use of in our last lecture (fig. 72), 
and removing the remains of the platinum wire, then de- 
stroyed, I.attach to each end of the two rods, m n and a 6, 
a bit of retort carbon. I now exhaust the receiver, bring 
the coal points together, and send a current from ipoint to 
point. The moment I draw the points a little apart, the 
electric light blazes, forth : and here I have the thermo- 
electric pile ready to receive a portion of the rays. The 
galvanometer needle at once flies aside, and this has been 
accomplished by rays which have crossed the vacuum* 

But if not to the air, to what is the motion of our coolr 
ing ball communicated ? We must ascend by easy stages 
to the answer to this question. It was a very considerable 
step in science when men first obtained a clear conceptic» 
of the way in which sound is transmitted through air, and 
it was a very important expenment which Hiraksbee made 
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befbre the Royal Society in 1705, by which he showed that 
sound could not propagate itself through a yacamn. Now 
I wish to make manifest to you this conveyance of the vi- 
bratioiis of somid through the air. I have here a bell 
tamed up-side-down, and supported by a stand. I draw a 
fiddle-bow across the edge of the bell, you hear its tone ; 
the bell is now yibrating, and if I throw sand upon -its flat- 
tish bottom, it would arrange itself there so as to form a 
definite figure,' or if I filled it with water I should see the 
sor&oe fretted with the most beautiful crispations. These 
erispations would show that the bell, when it emits this 
note, divides itself into four swinging parts, which are sep- 
arated from each other by lines of no swinging. Here is 
a sheet of Uscing paper, drawn tightly over this hoop, so 
as to form a kind of fragile drum. I hold it over the vi- 
brating bell, but not so as to touch the latter ; you hear the 
ifahrering of the membrane. It is a little too slack, so I 
will tighten it by warming it before the fire, and repeat 
the experiment. You no longer hear a shivering, but a loud 
musical tone superadded to that of the bell. I raise the 
membrdie and lower it ; I move it to and fro, and yon hear 
the rifflng and the sinking of the tone. Here is a smaller 
drum, which I pass round the bell, holding the membrane 
vertical ; it actually bursts into aroar when I bring it within 
half on inch of the belL The motion of the bell, communi- 
cated to the air, has been transmitted by it to the mem- 
brane, and the latter is thus converted into a sonorous 
body. 

I have here two plates of brass, a b (fig. 73), united to- 
gether by this metal rod. I have darkened the plates by 
bronzing them, and on both of them I strew a quantity of 
white sand. I now take the Connecting brass rod by its 
centre, between the finger and thumb of my left hand, and 
holding it upright I draw, with my right, a piece of flan- 
nel, over which I have shaken a little powdered resin, along 



260 



LECrCBB TIIL 




the rod. You hear the sound ; but observe the behaviour 

of the sand: a on^e 
^- ^ stroke of my finger, you 

see, has caused it to 
jump into a series of 
concentric rings, which 
must be quite yisible to 
you alL I repeat the 
experiment operating 
more gently; you hear 
the clear, weak, mufiical 
sound, you see the sand 
shivering, and creeping, 
by degrees, to the lines 
which it formerly occu- 
pied ; and there are the 
* curves as sharply drawn 
upon the surface of tie 
lower disk as if they had 
been arranged with a 
camePs hair peniSL On 
the upper disk yQU see a 
series of concentric cir- 
cles of the same kini 
In fact, the vibrations 
which I have imparted 
to the rod have commu- 
nicated themsdves to 
both the disks, and di- 
vided each of them into 
a series of vibrating seg- 
ments, which are sepa- 
rated from each othtf 

by lines of no vibration, on which the sand 'finds peace. 
Now let me show you the transmission of these Tibrar 
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tioDB from the lower disk ihrongli the air. On the floor I 
place iida p^>er dram, d, strewing dark-ooloured sand mii- 
formly oyer it ; I might Btand on the table — ^I might stand 
as high as the ceiling, and produce the effect which I am 
now g€dng to show yon. Pointing the rod which unites 
my plates in the direction of the paper drum, I draw mj 
resiDed rubber vigorously over the rod : observe the efkct^ 
— asingla stroke has caused that sand to spring into a reti- 
culated pattern. A precisely similar effect is produced by 
sound on the drum of the ear ; the tympanic membrane is 
caused to shudder in the same manner as that drum-head 
of paper, and its motion, conveyed to the auditory nerves 
and transmitted thence to the brain, awakes in us the sen- 
sation of s5und. 

Here is a still more striking example of the conveyance 
of the motion of sound through the air. By permitting a 
jet of gas to issue through the small orifice of this tube, I 
obtain a slender flame, and by turning the cock I reduce 
the flame to a height of about half an inch. I introduce 
the flame into this glass tube, ▲ b (fig. 74), which is twelve 
inches long. Now I must ask your permission to address 
that flame, and if I am skilful enough to pitch my voice to 
the precise note, I am sure the flame will respond ; it will 
start suddenly into a melodious song, and continue singing 
as long as the gas continues to bum. The burner is now 
arranged within the tube, which covers it to a depth of a 
couple of inches. If I were to lower it more, the flame 
would start into sin^g on its own account, as in the well- 
known case of the hydrogen harmonica ; but, with the 
present arrangement, it cannot sing till I teU it to do so. 
Kow I emit a sound, which you will pardon if it is not 
musical. The flame does not respond ; I have not spoken 
to it in the proper language. Let me try again ; I pitch 
my voice a little higher ; there, the flame stretches its little 
throat, and every individual in this large audience hears 
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the Bound of it I stop the song, and stand at a greater 

distance from the flame, and now that I have aso^tained 

the proper pitdL the ex- 
Fig. 74- .f., 

^ penment is sore to soo- 

ceed ; from a distance of 

twenty or thirty feet I cao 

cause tJbat flame to fiu)g. I 

now stop it, torn my bade 

npon it, and strike the note 

as before; you see hov 

obedient it is to my Toioe; 

when I call, it answers, and 

with a little practice I have 

been able to command tk 

flame to sing and to stop, 

and it has strictly obeyed 

the injunction. Here, then, 

we have a striking example 

of the conveyance of the* 

vibrations of the organ of 

voice through the air, and 

of their communication to 

a body which is eminently 

sensitive to their action.* 

Why do I make these 

experiments on sound? 

Simply to give you dear 

conceptions regarding what takes place in the case of heat ; 

to lead you up from the tangible to the intangible; from 

the region of sense into that of physical theory. 

After philosophers had become aware of the manner m 

* Though not belonging to our present subject, so many persons bare 
evinced an interest in this experiment that I have been induced to tepA^ 
two short papers in the Appendix to this Lecture, in which the eJ^peaaiaA 
is more fully described. 
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which soQiid was produced and transmitted, analogy led 
some of them to suppose that light might be produced and 
transitiitted in a somewhat similar manner. Aivl perhaps 
ia the whole history of science there was never a question 
more body contested than this one. Sir Isaac Newton sup- 
posed light to consist of minute particles darted out from 
luminous bodies : this was the celebrated Emission Theory. 
Huygl^ns, the contemporary of Kewton, found great diffi- 
culty in conceiving of this cannonade of particles ; that 
l^y should shoot with inconceivable velocity through space 
and not disturb eadi otJier. This celebrated nu^ enter- 
tained the view that light was produced by vibrations sim- 
ilar to those of sound. Euler supported Huyghens, and 
one of 'his arguments, though not quite physical, is so 
qoaint and curious tiliat I will repeat it here. He looks at 
our various senses, and at the manner in which they are 
affected by external objects. ' With regard to smell,' he 
says, ^ we know that it is produced by material particles 
which issue from a volatile body. In. the case of hearing, 
nothing is detached from the sounding body, and in the 
case of feeling we must touch the body itself. The dis- 
tance at whidi our senses perceive bodies is, in the case of 
toudi, no distance, in the case of smell a small distance, in 
the case of hearing, a considerable distance, but in the case 
of sight greatest of all. It is therefore more probable that 
the same mode of propagation subsists for sound and light, 
tlian that odours and light should be propagated in the 
same manner ;-^that luminous bodies should behave, not as 
volatile substances, but as sounding ones.' 

The authority of Newton bore these men down, and 
not until a man of genius within these walls -took up the 
subject, had the Theory of Undulation any chance of co- 
ping with the rival Theory of Emission. To. Dr. Thomas 
Young, who was formerly Professor of Natural Philos- 
ophy in this Institution, belongs the immortal honour of 
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stemming this tide of authoritj^ and of establishing on a 
safe basis, the theory of nndulation. There have been great 
things done in this edifice, but hardly a greater than this. 
And Young was led to bis conclusion regarding light, by a 
series of investigatioiis on sound. He, like ourselres, at 
the present moment, rose irom the known to the unknown, 
from the tangible to the intangible. This subject has been 
illustrated and enriched by the labours of genius ever since 
the time of Totmjg ; but one name only will I here asso- 
ciate with his, — a name which, in connection with this sob- 
ject, c« never be forgotten : that is, the name of Augostin 
FresneL 

According to the notion now universally received, li^t 
consists, first, of a vibratory motion of the partidos of the 
luminous body ; but how is this motion transmitted to onr 
organs of sight ? Sound has the air as its medium, and 
long pondering on the phenomena of light, and refined 
and conclusive experiments, devised with tie express inten- 
tion of testing the idea, have led philosophers to the con- 
clusion, that space is occupied by a substance ahnost in- 
finitely elastic, through which the pulses of light make 
their way. . Here your conceptions must be perfectly defl^* 
The intellect knows no difference between great and small: 
it is just as easy, as an intellectual act, to conceive of a ^n- 
brating atom as to conceive of a vibrating cannon-ball; and 
there is no more difficulty in conceiving of this Ether, as it 
is called, which fills space, that in imagining all space to be 
filled with jelly. Tou must imagine the atoms vibrating, 
and their vibrations you must figure as communicated to 
the ether in which they swing, being propagated Hirougbit 
in waves ; these waves enter the pupil, cross the ball of the 
eye, and break upon the retina at the back of the eye. T^^ 
act, remember, is as real, and as truly mechanical as the 
breaking of the sea waves upon the shore. Their motion? 
are commimicated to the retina, transncdtted thence along 
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the optic neire to the brain, and there annoimoe than- 
sehea to oondoioiisnefis as light * 

I have here an electric lamp, known well to all of yon, 
and on the screen in front of you I project an image of the 
intandescent coal points which produce the electric Ught. 
I wiU first bring the points together and then separate them. 
Observe liie effect. You have first the place of contact ren- 
deredlnminou8,then you see the glow conducted downwards 
to a certain distance along the stem of coaL This, as you 
know, is in reality the conduction of i^otioxu I interrupt 
the drcuit. The points continue to glow for a short time ; 
the light is now subsiding. The coal points are now quite . 
isAf but have they ceased to radiate ? By no means. At 
the present moment there is a copious radiation from these 
points, which, though Incompetent to affect sensibly the 
nerves of vision, are quite competent to affect other nerves 
of the human system. To the eye of the philosopher who 
looks at smb. matters without reference to sensation, these 
obfiCTue radiations are precisely the same in kind as those 
whidi produce the impression of light. You must there- 
fore figure the particles of the heated body as being in a 
state of naotion ; you must figure the motion commimicated 
to the surrounding ether, and J^ransmitted through the ether 
with a velocity, which we have the strongest reason for be- 
lieving is the same as that of light. Thus when you turn 
towards a fire on a cold day, and expose your chilled hands 
to its influence, the warmth that you feel is due to the im- 
pact of these ethereal billows upon your skin ; they throw 
the nerves into motion, and the consciousness correspond- 
ing to this motion is what we popularly call warmth. Our 
task during the lectures which remain to us is to examine 
heat under this radiant form. 

To investigate this subject we possess our valuable ther- 
mo-eleotrio pie, the face of which is now coated with lamp- 
black, a powerftil absorber of radiafit heat. I hold the in- 
12 



LBcrruBB ym. 

stnunent in front of the cheek of Mr. Anderson ; he is ft la- 
diant lK)dy, and observe the effect produced by his rays; 
the pile drinks them in, they generate electricity, and the 
needle of the galvanometer moves up to 90**. I withdraw 
the pile from the source of heat, and allow the needle to 
come to rest, and now I place this slab of ice in front of 
the pile. You Jiave a delQection in the opposite directioD, 
if rays of cold were striking on the pile. But you know 
at in this case the pile is the hot body ; it radiates its 
heat against the ice ; the face of the pile is thus chilled, 
and the needle, as you see, moves up to 90^ on the side of 
cold. Our pile is therefore not only available for the 
examination of heat communicated to it by direct contact, 
but also for the examination of radiant ^heat. Let us ^ 
ply it at once to a most importadlV investigation, and exam- 
ine, by means of it, the distribution of tiiennal pow^ in 
the electric spectrum. 

Let me in the first place show you this spectrmn. I do 
so by sending a slice of pure white light from the orifice 
o (figk 75), through this prism, abcj which is buQt xsp of 




plane glass sides, but is filled with the liquid bisulphide of 
carbon. It gives a richer display of colour tlian glass does, 
and this is one reason why I use it in preference to glass. 
Here then you have the white beam ^sentangled, and re- 
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dnced to the colours wbicli compose it; yon have this burn- 
ing red, this vivid orange, this dazzling yellow, this brill- 
iant green, and these various shades of blae ; the bine space 
bemg nsnaUy subdivided into blue, indigo, and violet. I 
will now cause a thermo-electric pile of particular construc- 
tion to pass gradually through all these colours in succes- 
sion, so as to test their heating powers, and I will ask you 
to observe the needle of the galvanometer which is to de- 
clare the magnitude of that power. 

For this purpose I have here (fig. 76) a beautiful piece 
of apparatus, designed by Melloni, and executed, with his 
accustomed skill, by M. Ruhm- 
korff.* Ton observe here a pol- 
ished brass plate, ▲ b, attached 
to a stem, and .this stem is 
mounted on a horizontal bar, 
which, by means of a screw, has 
motion imparted to it. By turn- 
ing this ivory handle in one di- 
rection I cause the plate of brass 
to approach ; by turning it in the 
other, I cause it to recede, and 
the motion is so fine and gradual, 
that I could, with ease and cer- 
tainty, push the screen through a 
space less than ^T^^^th of an inch. 
You observe a narrow verticals 
slit in the middle of this plate,, 
and something dark behind it. 

That dark space is the blackened face of a thermoelectric 
pile, p, the elements of which are ranged in a single row, 
and not in a square, as in our other instrument. I will al- 
low distinct slices of the spectrum to fall on that slit ; each 
will impart whatever heat it possitees to the pile, and the 

* Kindly lent to me by M. Gasuot. 
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quantity of the heat will be marked bj the needle of onr 
galvanometer. 

At present a small but brilliant spectrmn faUs npon the 
plate, A B, but the slit is quite out of the spectrum. I turn 
the handle, and the slit gradually approaches the violet 
end of the spectrum ; the violet light now faUs upon the 
slit, but the needle does not move sensibly. I pass on to 
the indigo, the needle is stiU quiescent; the blue also 
shows no action. I pass on to the green, the needle bare- 
ly stirs : now the yellow falls upon the slit ; the motion of 
the needle is now perhaps for the first time visible to you ; 
but the deflection is small, though I now expose the pile 
to tJie most luminous part of the spectrum.* I will now 
pass on to the orange, which is less luminous than the yd- 
low, but you observe, though the light diminishes the heat 
increases ; the needle moves still farther. I pass on to the 
red, which is stUl less luminous than the orange, and you 
see that I here obtain the greatest thermal power exhibited 
by any of the visible portions of the spectrum. 

The appearance, however, of this burning red might lead 
you to suppose it natural for such a colour to be hotter 
than any of the others. But now pay attention. I will 
cause my slit to pass entirely out of the spectrum, quite 
beyond the extreme red. Look to the galvanometer ! The 
needle goes promptly up to the stops. So that we have 
here a heat-spectrum which we cannot see, and whose ther- 
mal power is far'^greater than that of any visible part of 
the spectrum. In fact, the electric light with which we 
deal, emits an infinity of rays which are converged by our 
lens, refracted by our prism, which form the prolongation 
of our spectrum, but which are utterly incompetent to ex- 
cite the optic nerve to vision. It is the same with the sun. 
Our orb is rich in these obscure rays ; and though they are 

* I am here dealing irith a large leeture-room galTanometer. 
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for the most part dot off by our atmospliere, miiltittides of 
them Btill reach as. To the great William Herschd we are 
indebted for the discovery of them. 

Thus we prove that the spectrmn extends on the red 
side much beyond its visible limits ; and were I, instead of 
heing compelled to make use of IcAses and prisms of glass, 
fortmiate enough to possess lenses and prisms of rock salt, I 
could show you, as Melloni has done, that those rays extend 
a great way farther than it is now in my powerHo prove. 
In £&ct, glass, though sensibly transparent to light, is, in a 
great measure, opaque to these obscure rays ; instead of 
reaching ftie screen, they are for the most part lodged in 
the glass. 

The visible spectrum, then, simply marks an interval of 
radiant action, in which the radiations are so related to our 
organisation that they excite the impression of light ; be- 
yond this interval, in both directions^ radiant power is 
exerted— obscure rays fall — ^those falling beyond the red 
being powerful to produce heat, while those falling beyond 
the violet are powerful to promote chemical action. These 
latter jays can actually be rendered visible ; or more strict' 
ly expressed, the undulations or waves which a^e now 
striking here beyond the violet agmnst the screen, and 
which are scattered from it so as to strike the eyes of every 
person present, though they are incompetent to excite 
vision in those eyes ; those waves, I say, may be caused to 
impinge upon another body, and to impart their motion to 
it, and actually to convert the dark space beyond the^ violet 
into a brilliantly illuminated one. I have here the proper 
substance. The lower half of this sheet of paper has been 
washed with a solution of sulphate of quinine, while I have 
left the upper half in its natural state. I will hold the 
sheet, so that the straight line dividing its prepared from 
its unprepared half, shall be horizontal and shall cut the 
spectrum into two equal parts ; the upper half will remain 
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unaltered^ and yon will be able to ooApare with it the 
nnder half, on which I hope to find the spectnnn elongated. 
You see this- effect; we have here a splendid fluorescent 
band, several inches in width, where a moment ago ther^ 
was liothing but darkness. I remove the prepared paper, 
and the light disappears. I re-introduce it, and the light 
flashes out again, showing you, in the most emphatic man- 
ner, that the visible limits of the ordiniBy spectrum by no 
means mdfk the limits of radiant action. I dip my bm^ 
in this solution of sulphate of quinine, and dab it against 
the paper ; wherever the solution falls, light flashes fortL 
The existence of these extra violet rays has heea long 
known ; it was known to Thomas Young, whoactuaUy ex- 
perimented on them ; but to Prof. Stokes we are indebted 
for the complete investigation of this subject. He rendered 
the rays thus visible. 

How then are we to conceive of the rays, visible and 
invisible, which fill this large space upon the screen ? Why 
are some of them visible and others not ? Why are the 
visible ones distinguished by various colours ? Is there 
anything that we can lay hold of in the undulations-^di 
produce these colours, to which, as a physical cause, we 
must assign the colour? Observe first, that the entire 
beam of white light is drawn aside, or refracted by the 
prism, but the violet is pulled aside more than the indigo, 
the indigo more than the blue, the blue more than the 
green, the green more than the yeUow, the yellow more 
than the orange, and the orange more than the red. These 
colours are diflferently refrangible, and upon this depends 
the possibility of their separation. To every particular de- 
gree of refraction belongs a definite colour and no other. 
But why should light of one degree of refrangibility pro- 
duce the sensation of red, and of another degree the sensar 
tion of green ? This leads us to consider more dosely the 
cause of these sensations. 
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A reference to*11ie phenomena of sound will materianj 
help our conceptions here. Figure clearly to your minds a 
]iaq>-string yibradng to and fro ; it advances and causes the 
partides of air in front of it to crowd together ; it thus 
produces a condensation of the air. It retreats, and the 
air particles behind it separate more widely; in other 
words, a rarefaction of the air occurs behind the retreating 
wire. The string again advances and produces the conden- 
sation as before, it agidn retreats and produces a rarefac- 
tion. Thus the condition of the air tiirough which the 
Bomid of the string is propagated consists of ^a regular 
sequence of condensations and rarefactions, which travel 
with a velocity of about 1,100 feet a second. • 

The condensation and rarefaction constitute what is 
called a sonorous pulse or vHtve^ and the length of the wave 
is the distance from the middle of the condensation to the , 
middle of the rarefactifti. Of course these blend gradually 
into each other. The length of the wave is also measured 
by the distance from the centre of one condensation to the 
centre of the next one. Now the quicker a string vibrates 
the more quickly will these pulses follow each other, and 
the diorter, at the same time, will be the length of each in- 
dividual wave. Upon these differences the pitch of a note 
in music depends. If a violin player wishes to produce a 
higher note, he shortens his strmg by pressing his finger 
on it ; he thereby augments the rapidity of vibration. If 
his point of pressure exactly halves the length of his string, 
he obtains the octane of the note which the string emits 
when vibrating as a whole. * Boys are chosen as choristers 
to produce the shrill notes, men to produce the bass notes ; 
tiie reason being, that the boy's organ vibrates more speed- 
ily than the man's ; ' and the hum of a gnat is shriller than 
that of a beetle, because the smaller insect can send a 
greater number of impulses per second to the ear. 

We have i^ow cleared our way towards the clear com- 
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prehension of the {^ysical cause of coloiAr. This spectmm 
is to the eye what the gamut is to the ear ; its different 
colours represent notes of different pitch. The vibrations 
which produce the impression of red are slower, and the 
ethereal waves which Ihej generate are longer, than t^ose 
which produce the impresdon of violet, while the other 
colours are excited by w%ves of some intermediate length. 
The length of the waves both of sound and light, and the 
number of shocks which they respectively impart to the ear 
and eye, have been strictly determined* Let us here go 
through a simple calculation. light travels throtij^ space 
at a velocity of 192,000 miles a second. Reducing this to 
inches, we find the number to be 12,165,120,000. Now it 
is found that 89,000 waves of red light jdaced end to end 
would make up an inch ; multiply the number of indies in 
192,000 miles by 89,000, we-obtsdn the number of waves 
of red light in 192,000 miles : this itomber is 47*4,489,680,- 
000,000. AU these toavea enter the eye in a rnigU second. 
To produce the impression of red in the brsdn, the retina 
must be hit at this almost incredible rate. To produce the 
impression of violet, a still greater number of impulses tA 
necessary ; it would take 57,500 waves of violet to fill an 
inch, and the number of shocks required to produce tlie 
impression of this colour, amounts to six hundred and nine- 
ty-nine millions of millions per 'Second. The other oolonrs 
of the spectrum, as already stated, rise gradually in pitdi 
from the red to the violet. • 

But beyond the violet we have rays of too high a pitA 
to be visible, and beyond the red we have rays of too low 
a pitch to be visible. The phenomena of light are in this 
case also paralleled by those of soxmd. If it did not in- 
volve a contradiction, we might say that there are musical 
sounds of too high a pitch to be heard, and alsd sounds of 
too low a pitch to be heard. Speaking strictly, there aie 
waves transmitted through the air from vibrating bodies, 
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wbich, though they strike upon the air in regular reour- 
renoe, sxe incom{>eteii^ to excite the sensation of a maaical 
note. Probably sounds are heard by insects which entirely 
escape our perceptions ; and, indeed^ as regards human be- 
ings, the selfsame note may be of piercing shrillness to one 
person, while it is absolutely unheard by another. Both 
as regards light and sound, our organs of sight and hearing 
embrace a certain practical range, beyond which, on bodi 
sides, though the objectiye cause ezists, our nerves cease to 
be influenced by it. 

When therefore I place this red-hot copper ball before 
you, and watch the waning of its light, you will have a 
perfectly dear conception of what is occurring here. The 
atoms of the ball oscillate, but they oscillate in a resisting 
medium on which their moving force is expended, and 
whidi transmits it on all sidep with inconceivable velocity^ 
The oscillations competent to produce light are now ex- 
hausted ; the ball is quite dark, still its atoms oscillate, and 
bUU their oscillations are taken up and transmitted on all 
sides by the ether. The ball cools as it thus loses its 
molecular motion, but no cooling to which it can be prac< 
tically subjected can entirely deprive it of its motion. That 
is to say, all bodies, whatever maybe their temperature, 
are radiating heat. From the body of every individual 
here present, waves are speeding away, some of which 
strike upon this cooling ball and restore a portion of its 
.^^ motion. But the motion thus received by the baU is 
St l^^ than what it communicates, and the difference be- 
tween thfit expresses the ball's loss of motion. As long 
as this state of things continues the ball will continue to 
show an ev^r-lowering temperature : its temperature will 
sink until the quantity it emits is equal to the quantity 
which it receives, and at this point its temperature becomes 
constant. Thus, though you are conscious of no reception 
of heat, when you stand before a body of your own tem- 
12* 
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perature) an interchange of rays 10 paaung between 701. 
Every superficial atom of each ma^ is Sending forth its 
waves, which cross those that move in the opposite direc- 
tion, every wave asserting its own individuality amid the 
entanglement of its fellows. When the sum of motion re- 
ceived is greater than that given out, warming is the con- 
sequence ; when the sum: of motion given out is greater 
than that received, chilling takes place. This is Prevost's 
Theory of Exchanges, expressed in the hmguage of the 
Wave Theory. 

Let us occupy the remainder of this lecture by illustrat- 
ing e^>erimentally the analogy between light and radiant 
heat, as regards reflection. You observed when I placed 
my thermo-electric pile in front of Mr. Anderson's face, that 
I had attached to it an open cone which I did not use in 
my former experiments. This cone is silvered inside, and 
it is intended to augment the action of feeble radiations, 
by converging them upon the face of the thermo-electric 
pile. It does this by reflection ; instead of -shooting wide 
of the pile, as they would do if the reflector were removed, 
they meet the silvered surface and glance from it agiunst the 
pile. The augmentation of the efiect is thus showiL I place 
the pile at this end of the table with its reflector oS, and at 
a distance of four or five feet I place this copper ball, hot 
— ^but not red-hot ; you observe scarcely any motion of the 
needle of the galvanometer. Disturbing nothing, I now at- 
tach the reflector to the pile ; the needle instantly goes ^ 
to 00°, declaring the augmented action. ■ -^ 

The law of this reflection is precisely the ttme as that 
of light. Observe this apparently solid luminous cylinder, 
issuing from our electric lamp, and marking its track thos 
vividly upon the dust of our darkened room. J take a mir- 
ror in my hand, and permit the beam to fall upon it ; the 
beam rebounds from the mirror ; it now strikes the ceiling* 
This horizontal beam is the incident beam, this vertical 
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<me is ibe reflected beam, and the law of light, as many of 
yoTi know, is, that the angle of incidence is equal to the 
angle of reflection. The incident and reflected beams now 
enclose a right angle, and when this is the case I may be 



fig.n. 




sore that both beams form, with a perp^idicolar to the 
surface of the mirror, an angle of 45^ 

I place the lamp at this comer, e, of the table' (fig. *I1) ; 
behind the table I place a looking-glass, l, and on the table 
you observe I have drawn a large arc, a b. Attached to 
the mirror is this long straight lath, m n, and the looking- 
glass, resting upon rollers, can be turned by the lath, which 
is to serve as an index. I have here drawn a dark central 
line, and when the mirror exactly faces the middle of the 
audience, our lath and this line coincide. Those in front 
may see that the lath itself and its reflection in the mirror 
form a straight line, which proves that the central dark 
line is now perpendicular to the mirror. Right and left of 
this central line I have divided the arc into ten equal 
parts ; commencing at the end b with 0°, I have graduated 
the arc up to'20°. I first turn the index so that it shall be 
in the line of the beam emitted by the lamp. The beam 
now falls upon the mirror, striking it as a perpendicular, 
and you see it is reflected back along the line of incidence. 
I now move my index to 1 ; tlie reflected beam, as you ob- 
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serve, draws itself alcmg the taUOi catting the figure 2. I 
move the index to 2, the beam is now*at 4 ; I move the in- 
dex to 3, the beam is now at 6 ; I move it to 5, the beam 
is now at 10 ; I move it to 10, the beam is now at 20, If I 
stand midway between the incident and reflected beams, 
and stretch out my arms, my finger tips touch each of them. 
One lies as*mach to the left of the perpendicular as the 
other does to the right. The angle of incidence is equal to 
the angle of reflection. But we have also demcmstrated 
that the beam moves twice as fast as the index ; and this 
is usually expressed* in the statement, that the imgular ve- 
locity of a reflected ray is twice that of the mirror which 
reflects it. 

I have already shown you that these incandescent ooat 
points emit an abundance of obscure rays— of rays of pure 
heat, which have no illuminating power ; my object now is 
to show you that those rays of heat emitted by the lamp, 
have obeyed precisely the same laws as the rays of light. 
I have here a piece of black glass ; so black that when I 
look through it at the electric light, or even at the noonday 
sun, I see nothing. You observe the disappearance of the 
beam when I place this glass in front of the lamp. It cats 
off every ray of light ; but, strange as it may appear to 
you, it is, in a considerable degree, transparent to the ob- 
scure rays of the lamp. I now extinguish the light by in- 
terrupting the current, and I lay my thermo-electric pile oa- 
the table at the number 20, where ^e luminous beam fell a 
moment ago. The pile is connected with the galvanometer, 
and the needle of tiie instrument is now at zero. I ignite 
the lamp, no light makes its appearance, but observe the 
galvanometer; the needle has already swung to 90% 
through the action of the non-luminous rays upcm the pile. 
If I move the instrument right or left from its present po- 
sition the needle immediately sinks ; the calorific rays have 
pursued the precise track of the luminous rays ; and £ofr 
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Ibem, also, the ai^ of inddenoe is equsi to the an^e of 
r^teotion. Repeating the ezperiments that I have already 
executed with light, bringing the index in finccessicm to 1, 
2, 3, 6, Ac, I prove that in the case of radiant heat also, 
the angular velocity of the reflected ray is twice that of the 
mirror. 

The heat of tlie fire obeys the same law. I have here a 
sheet of tin— a homely reflector, but it will answer my pur- 
pose. At this end of the table I place the thermo-electric 
pile, and at the other end my tin screen. The needle of 
the galvan<Hneter is now at zero. Well, I turn the reflector 
so as to cause the heat striking it to rebound towards the 
pile ; it now meets the instrument, and the needle at once 
declares its arrival. Observe the positions of the fire, of 
the reflector, and of the pile ; you see that they are just in 
the positions which make the angl^of incidence equal to 
that of reflection. 

But in these experiments the heat is, or has been, asso- 
dated with light, ^Let me now show that the law holds 
good for rays emanating from a truly obscure body. Here 
is a copper ball, c (fig. 78), heated to dull redness; I plunge 
it in water until its light totally disappears, but I leave it 
warm. It is still giving out radiant heat of a slightly 
greater intensity than that emitted by the human body. I 
place it on this candlestick as a support, and here I place 
my pile, p, turning its conical reflector away from the ball, so ' 
that no direct ray from the latter can reach the pile. You. 
see the needle remdns at zero. I place here my tin reflect- 
or, M N, so that a line drawn to it from the ball^ shall make 
tiie same angle with a perpendicular to the polished tin re- 
flector, as a line drawn from the pile. The axis of the con- 
ical reflector lies in this latter line. True to the law, the 
heat-rays emanating from the ball rebound from it and 
strike t})e pile, and you observe the consequent prompt mo- 
tion of the needle. 
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Like the rays of light, the rajB of heat emmiftting from 
our ball proceed in straight lines through spaoe, dimimsh- 
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ing in intensity exactly as light diminishes. Thus, this ball, 
which when dose to the pile causes the needle of the gal- 
Tanometer to fly up to 90°, at a distance of 4 feet 6 inches, 
shows scarcely a sensible action. Its rays are squandered on 
all sides, and comparatively few of them reach the pile. Bat 
I now introduce between the pile and the ball this tin tube, 
A B (fig. 79), 4 feet long. It is polished within, and there- 
Fig. to. 




fore capable of reflection. The calorific rays which strike 
the interior surface obliquely, are reflected from side to ride 
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of the tube, and thus those rays which, when the tube is 
absent, are squandered in space, are caused, bj internal re- 
flection, to reach the pile. You see the result : the needle, 
which a moment ago showed no sensible action, moves 
promptly to its stops. 

We have now dwelt sufficiently long on the reflection of 
radiant heat "hj plane eurfticea; let us turn for a moment to 
reflection from curved surfaces. I have here a concave 
mirror, m n (fig. 80) formed of copper, but coated with sU- 

Fig.8a 




rer. I place this worm copper ball, b, at a distance of 
eighteen inches from the pile, which has now its conical 
reflector removed; 'you observe scarcely any motion of the 
needle. If I placed the reflector, m n, properly behind a 
candle, I should collect its rays, and send them back in a cyl- 
inder of light. I shall do tiie same with the calorific rays 
emitted by the ball b ; you cannot, of course, see the track 
of these obscure rays, as you can that of the luminous 
ones; but you observe that while I speak, the galvano- 
meter has revealed the action ; the needle of the faistrument 
has gone up to 90"". 
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I hare here a pair of much larger mirrors, one of which 
IB placed flat upon the table : now, the currature of this 
mirror is so regulated that if I place a light at this pomt, 
which is called the focus of the mirror, the rays which fall 
divergent upon the mirror are reflected upward from it par. 
alleL Let us make the experiment : In the focus I place 
our coal-points, bring them into contact, and then draw 
them a little apart ; there is the electric %ht, and there is 
a splendid vertical cylinder, cast upwards by the reflector, 
and marked by the action of the light on the dust of the 
room. If we reversed the experiment, and allowed a par- 
allel beam of light to fall upon the mirror, the rays of that 
beam, afler reflection, would be coUected in the focus of 
the mirror. We can actually make this experiment by in- 
troducing a second mirror ; here it is suspended from the 
ceiling. I will now draw it up to a height of 20 or 25 feet 
above the table ; the vertical beam, which before fell upon 
the ceiling, is now received by the upper mirror ; I have 
hung in the focus of the upper mirror a bit of oiled paper, 
to enable you to see the collection of the rays of the focus. 
You observe how intensely that piece of paper is now illu- 
minated, not by the direct light from below, but by the re- 
flected light converged upon it fVom above. 

Many of you know the extraordinary action of light 
upon a mixture of hydrogen and chlorine. I have bere a 
transparent collodion balloon filled with the mixed gases ; 
I lower my upper reflector, and suspend the balloon fix»n 
a hook attached to it, so that the little globe shall swing 
in the focus ; we will now draw the mirror quit^ up to the 
ceiling (fig. 81) ; and as before I place my coal-points in 
the focus of the lower mirror ; tiie moment I draw them 
apart, the light gushes from them, and the gases explode. 
And remember this is the action of the light ; you know 
collodion to be an inflammable substance, and hence might 
suppose that it was the heat of the coal-pointa that ignited 
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it, and that it commu- 
nicated its combustion 
to the gases ; but look 
here I you see, as I 
speak, the flakes of the 
balloon descending on 
the table; the lumi- 
nous rays went harm- 
lessly through it, caus- 
ed ^e gases to ex- 
plode, and the hydro- 
chloric acid, formed 
by their combustion, 
has actualTy preserved 
the inflammable envel- 
ope from sWing in 
the combustion. 

I lower the upper 
mirror and hang in its 
focus a second balloon, 
containing a mixture 
of oxygen and hydro- 
gen, on which light 
has no sensible eflect ; 
I raise the mirror, and 
in the focus of the 
lower one place this 
red-hot copper ball. 
The calorific rays are 
now reflected and con- 
verged above, as the 
luminous ones were 
reflected and converg- 
ed in the last experi- 
ment; but they act 
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upon the envelope^ which I have purposely blackened a lit-' 
tie, so as to enable it to intercept the heat-rays ; the action 
is not so sndden as in the last case, bnt ^lere is the explo- 
sion, and you now see no trace of the balloon ; the inflam- 
mable snbstanee is entirely dissipated. 

But here, you may object, light is associated with the 
heat ; very wdl,^ I lower the upper mirror once more and 
suspend in its focus a flask of liot water. I bring my ther- 
mo-electric pile to the focus of the lower mirror, and first 
turn the face of the pile upwards, so as to expose it to die 
direct radiation of the warm flask — ^there is no sensible ac- 
tion produced by the direct rays. But I now turn my pfle 
with its face downwards. If light and heat behave alike, 
the rays from the flask which strike the reflector will be 
collected at its focus. You see that this is the case ; the 
needle, which was not sensibly affected by the direct rays, 
goes up to its stops. I would ask you to observe the di- 
rection of that deflection ; the red end of the needle moves 
towards you. * 

I again lower the mirror, and, in the place of the flask 
of hot water, suspend a second one contsdning a freezing 
mixture. I raise tiie mirror and, as in the former case, 
bring the pile into the focus of the lower one. Turned di- 
rectly towards the upper flask there is no action ; turned 
downwards, the needle moYCS : observe the direction of the 
motion — ^the red end comes towards me. 

Does it not appear as if this body in the upper focus 
were now emitting rays of cold which are converged by 
the lower mirror exactly as the rays of heat in our former 
experiment. The facts are exactly complementary, and it 
would seem that we have precisely the same right to infer 
from the experiments, the existence and convergence of 
these cold rays, as we h^ve to infer the existence and con- 
vergence of the heat rays. But many of you, no doubt, 
have already perceived the real state of the case. The pile 
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is a warm bodj, but in the last experiment the quantity 
which it lost by radiation was more than made good by 
the quantity received from the hot flask above. Now the 
case is reversed, the quantity which the pile radiates is in 
excess of the quantity which it receives, and hence the pile 
is chilled ; — ^the exchanges are against it, its loss of heat 
is only partially compensated — and the deflection due to 
cold is the necessary consequ^ce. 
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ON THE BOUNDS PEODXTCED BY THE COMBUSTION OP GASES 
IN TUBES.* 

In ilie first Tolmne of Nicholson's Journal, published in 1802, iho 
sounds produced by the combustion of hydrogen in tubes are 
referred to as having been * made in Italy : ' Dr. Higgins, in the 
same place, shows that he had discovered them in the year 1777, 
while observing the water formed in a glass vessel by the slow 
combustion of a slender stream # hydrogen. Ohladni, in his 
^Akustik,' published in 1802, page 74, speaks of their being 
mentioned, and incorrectly explained, by De Luc in his 'New 
Ideas on Meteorology : ' I do not know the date of the volume. 
Chladni himself showed that the tones jmnluced were the same 
as those of an open pipe of the same length as the tube whidi 
encompassed the flame. He also succeeded in obtaining a tone 
and its octave from the same tube, and in one case obtained the 
fifth of the octave. In a paper published in the ' Journal de Phy- 
sique ' in 1802, G. De la Rive endeavoured to account for the 
sounds by referring them to the alternate contraction and expan- 
sion of aqueous vapour ; basing his opinion upon a series of ex- 
periments of great beauty and ingenuity made with the bulbs of 
thermometers. In 1818 Idr, Faiaday took up the subject,t and 
showed that the tones were produced when the glass tube was 
enveloped by an atmosphere higher in temperature than 212** 
Fahr. That they were not due to aqueous vapour was further 
shown by the fact that they could be produced by the combustion 

* From the Philosophical Higaane for July, 1867. By JohnTyndall, 
F.B.a 

t Journal of Science and the Arts, vd. v. p. 274. 
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of etfbonic oxide. He refeired the sounds to saccessiTe explo- 
sions prodoced by the periodic combination of the atmospheric 
oxjgBEL with the issuing jet of hydrogen gas. 

I am not aware that the dependence of the pitch of the note 
on the size of the flame has as yet been noticed. To this point I 
wiH, in the first place, briefly direct attention. 

A tube 25 indies long was placed oyer an ignited jet of hydro- 
gen : the sound produced was the fondamental note of the tube. 

A tube 12i inches long was brought oyer the same flame, but 
no sound was obtained. 

The flame was lowered, so as to make it as^small as possible, 
and the tifbe last mentioned was agun brought oyer it ; it gaye 
a clear melodious note, which was the octaye of that obtained 
with the 25-inch tube. 

The 25-inch tube was now brought oyer ihe same flame ; it no 
longer gaye its fhndamental note, but exactly the same note as 
that obtained from the tube of half its length. 

Thus we see, that although the speed with which the explo- 
sions succeed each other depends upon the length of the tube, 
the flame has also a yoice in the matter : that to produce a musi- 
cal sound, its size must be such as to enable it to explode in 
unison either with the fundamental pulses of the tube, or with 
the pulses of its harmonic diyisions. 

With a tube 6 feet 9 inches long, by yarying the size of the 
flame, and acQusting the depth to which it reached within the 
tube, I haye obtained a series of notes in the ratio of the numbers 
1, 2, 3, 4, 5. 

These experiments explain the capricious nature of the soimds 
sometimes obtained by lecturers upon this subject. It is, how- 
eyer, always possible to render the sounds clear and sweet, by 
suitably adjusting the size of the flame to the length of the tube * 

Since the experiments of Mr. Faraday, ^lothing, that I am 
aware of^ has been added to this subject, until quite recently. 
In a recent number of PoggendorflTs ^ Annalen ' an interesting 

* With a tube 14| iaches in length and an exceedingly mrnute jet of 
gas, I obtained, without altering the quantity of gas, a note and its octave : 
the flame possessed the power of changing its own dimensions to soit botii 
notes. 
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ezperimfint is described by H. Ton Sdiail^tach, and made tiie 
sabject of some remarks by Pro£ Poggendorff himself. A muacal 
note was obtained with a jet of ordinary coal-gas, and it wm 
found that when ike voice was pitched to the same note, the 
flame assumed a lively motion, which could be augmented until 
the flame was actually extinguished, K. von Sdiafl^tsch does 
not describe the'conditions necessary to the success of his eiperi- 
ment ; and it was while endeavouring to find out these ooooi- 
tions that I alighted upon the &cts which form the principal 
subject of this brief notice. I may remark that M. von BM^ 
gotsch^s result may be produced, with certainty, if the gas be 
caused to issue under suflldent pressure through a Veiy small 
orifice. . 

In the first experiments I made use of a tapering brass bonier, 
10^ inches long, and having a superior orifice about ^th of an 
indi in diameter. The shaking of the singing fiame within the 
glass tube, when the voice was properly pitched, was so manifest 
as to be seen by several hundred people at once. 

I placed a syrene within a few feet of the singing-flame, and 
gradually heightened the note produced by the instrument As 
the sounds of the fiame and S3rrene approached perfect unison, the 
flame shook, jumping up and down within the tube. The int«^ 
val between the jumps became greater until the unison was f^ 
feet, when the motion ceased for an InstMit ; the isyrene still in- 
creasing in pitdh, the motion of the flame again appeared, tne 
jumping became quicker and quicker, until finally it Reaped 
cognisance by the eye. 

This experiment showed that the jumping of the flame, oo- 
served by M. von Schaflfeotsch, is the optical expression of the 
heats which occur at each side of the perfect unison : the beatt 
could be heard in exact accordance with the shortening an 
lengthening of the ^ame. Beyond the region of these ^.^jf 
both directions, the sound of the syrene produced no visih e 
motion of the flame, "What is true of the syrene is true of the 
voice. 

While repeating and varying these experiments, I once haa^ 
silent flame within a tube, and on pitching my voice to the ^ 
of the tube, the flame, to my great surprise, instantly started rra» 
song. Placing the flnger on the end of the tube, and silencifl^ 
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the melody, on repeating the experiment the same result was 
obtained. 

I placed the syrene near the flame, as before. The latter was 
burning tranqoilly within its tube. Ascending gradually from 
the lowest notes pf the instrument, at ^he moment when the sound 
of the syrene reached the pitch of the tub§ which surrounded the 
gas flaine, the latter suddenly stretched itself and commenced its 
song, which continued indefinitely after the syrene had ceased to 
sound. 

With the burner which I haye described, and a glass tube 13 
inches long, and from ^ to f of an inch internal diameter, this re- 
sult can be obtained with ease and cortidnty. If the Toice be 
thrown a little higher or lower than the note due to the tube, no 
Tiaible eflect is produced upon the flame : the pitch of the voice 
must lie within the region of the audible beats. 

By varying tiie length of the tube we yary the note produced, 
and the yoice must be modified accordingly. 

That the shaking of the flame, to which I haye already re- 
ferred, proceeds in exact accordance with the beats, is beautiftilly 
shown by a tuning-fork, which giyes the same note as the flame. 
Iioading the fork so as to throw it slightly out of unison with the 
flame, when the former is sounded and brought near the flame, 
ibs jumpings are seen at exactly the same interyals as those in 
whi6h the beats are heard. When the tumng-fork is brought 
oyer a resonant jar or bottle, the beats may be heard and the 
jumpings seen by a thousand people at once. By changing the 
load upon the tuning-fork, or by slightly altering the size of the 
flame, the quickness with w)iich the beats succeed each other 
may be changed, but in all cases the jumpings address the eye at 
the sanM moment that the beats address the ear. 

With the tuning-fork I haye obtained the same results as with 
the yoice and syrene. Holding a fork oyer a. tube which responds 
to it, and which contains within it a silent flame of gas, the latter 
immediately starts into song. I haye obtained this result with a 
series of tubes varying from 10^ to 29 inches in leigth. The fol- 
lowing experiment could be made : — ^A-series of tubes, capable of 
producing the notes of the gamut, might be placed oyer suitable 
jets of gas ; all being silent, let the gamut be run oyer by a 
mugjcian with an instrument sufficiently powerful, placed at a 
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distanoe of twenty or tibirty yaidB. At tbe Botmd of each pntio- 
ular note, the ga&get contained in the corresponding tube woidd 
instantly start into song. 

I must remark, howerer, that with the jet which I have used, 
the experiment is most easily made with a tube about 11 or IS 
inches long : with long^ tabes it is more difficult to prereBt the 
flame &om singing spontaneously, that is, without external exci- 
tation. 

The principal point to be attended to is thi& . With a tafae^ 
say of 12 inches in length, the flame requires to occupy a oertam 
position in the tube in order that it shall sing with a maximum 
intensity. Let the tube be raised so that the flame ma^penetnito 
it to a less extent ; the energy of the sound will be thereby 
diminished, and a point (a) will at length be attained, wliere it 
will cease altogether. AboTe this point, for a certain diitance, 
the flame may be caused to bum tranquilly and silentiy for any 
length of time, but when excited by the Toioe it will ung. 

When the flame is too near the point (▲), <m being exdted by 
the Toice or by a tuning-f(H:k, it will respond for a short timei 
and then cease. A little above i^e point where thh cesBation 
occurs, the flame bums tranquilly, if unexcited, but if <Hice caused 
to sing it will oontniue to sing. With such a flame, which is net 
too sensitiTe to external impressioDs, I haye been able to rmen$ 
the tffect hitherto deicribed, and to stop tine song at pleasure by the 
sound of my yoioe, or by a tuniog-forlc, without quenching the 
flame itsel£ Such a flame, I find, may be made to obey the wcod 
of command, and to sing or cease to dng, as .the experimenter 
pleases. 

The mere clapping of the hands, producing an explosioay 
shouting at an incorrect pitch, shaking of the tube surroandiag 
the flame, are, when the arrangements are properly made, ineffeo- 
tual. Each of these modes of disturbance doubtless a£fect8 the 
flame, but the impulses do not accumulate, as in the case where 
the note of the tube itself is strack. It appears as if the flame 
were deaf to a single impulse, as the tympanum would probd&ly 
be, and, like the latter, needs the accumulation of impulses to 
give it sufficient motum. A difference of half a tone between 
two tuning-fi)rks is sufficient to cause one of these to set the flame 
singing, while the other is powerless to produce tibis effect 
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I have said that fhe Yoioe must be pitched to thenoteof tiie 
tabe which snironnds the flame ; it woTild be more correct to say 
the note prodoced by the flame when singing. In all cases this 
note is sensibly higher than that doe^to the open tube which snr- 
rounds the flame ; this ought to be the case, because of the high 
temperature of the yibrating column. An open tube, for exam- 
ple, which, wben a tunjpg-fork is held oyer its end, gives a maxi- 
mum reinforcement, produces, when surrounding a singing flame, 
a note higher than that of the fork. To obtain the latter note 
the tube must be sensibly longer. 

Wbat is the constitution of the flame of gas while it produces 
tiiese musical sounds ? This is the next question to which I will 
Mefly call attention. Looked at with the naked eye, tiie sound- 
ing flame appears constant, but is the constancy real ? Supposing 
each pulse to be accompanied by a physical change of the flame, 
such a change would not be i>erceptible io the naked eye, on 
account <^ the Telocity with which the pulses succeed each other. 
The light of flame would appear continuous, on the same princi- 
ple that the troubled portion of a descending liquid yet appears 
continnous, although by proper means this portion of a jet can be 
shown to be composed of isolated drops. If we cause the image 
of tiie flame to pass speedily oyer different portions of the retina, 
tiie chaises accompany the periodic impulses will manifest them- 
selyes in the character of the image thus traced. 

I took a glass tube 3 feet 2 inches long, and about an inch and 
a half in int^nal diameter, and placing it oyer a yery small flame 
of olefiant gas (eommon gas will also answer), obtained the fun- 
damental note of the tube : on moying the head to and fro, the 
image of ihe sounding flame was separated into a series of dis- 
tinct images; the distance between the images depended upon 
the ydodty with which the head was moyed. This experiment 
k suited to a darkened lecture-room. It was still easier to obtain 
the separation of the images in this way, when a tube 6 feet 9 
inches in length, and a large flame, were made use o£ 

. The same result is obtained when an opera glass is moyed to 
and firo before the eye. 

But the most conyenient mode of observing the flame is with 
a mirror ; and it can be seen either directly in the mirror, or by 
projection upon a screen. 
13 
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A lens of 88 centimetree focus was {daced in fix>nt of a flams 
of common gas, upwards of an incli long, and a paper screen was 
hung at about 6 or 8 feet distance behind.the flame. In &ont of 
the lens a small looking-glass was held, which receiyed the light 
that had passed through the lens, and reflected it back upon the 
screen placed behind the latter. By adjusting the position of the 
lens, a well-deflned inyerted image of tbe flame was obtained 
upon the screen. On moving the mirror the image was displaced, 
and owing to the retention of the impression by the retina, when 
the moyement was sufllciently speedy the image described a con- 
tinuous luminous track. Holding the mirror motionless, the 6- 
foot 9-inch tube was placed oyer the flame : the latter changed 
its shape the moment it commenced to sound, remaining howeyer 
well defined upon the screen. On now moving the minor, a 
totally different effect was produced : instead of a coniinuons 
track of light, a series of distinct images of the sounding flame 
was observed. The distance of these images apart varied with 
the motion of the mirror ; and, of course, could be made, by suit- 
ably turning the reflector, to form a ring of images. The experi- 
ment is beautifhl, and in a dark room may be made visible to a 
large audience. 

The experiment was also varied in the following manner : — 
A triangular prism of wood had its sides coated with rectangulHr 
pieces of looking glass : it was suspended by a thread with its 
axis vertical ; torsion was imparted to the thread, and the prism, 
acted upon by this torsion, caused to rotate. It was so placed 
that its three faces Beceived, in succession, the beam of light sent 
from the flame through the lens in front of it, and threw the 
images upon the screen. On commencing its motion the images 
were but slightly separated, but became more and more so as the 
motion approached its maximum. This once past, the images 
drew closer together again, until they ended in a kind of luminous 
ripple. Allowing the acquired torsion to react, the same series of 
effects could be produced, the motion being in an opposite direc- 
tion. In these experiments, that half of the tube which -was 
turned towards the screen was coated with lamp-black, so as to 
cut off the direct light of the jet from the screen.* 

• Since these experiments were made, Mr. Wheatstone has drawn my 
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But what is the state of the flame in the interyalbetween two 
images ? The flame of common gas, or of oleflant gas, owes its 
Inminonsness to the solid particles of carbon discharged into it. 
If we blow against a luminous gas-flame, a sound is heard, a 
small explosion in. fact, and by such a puff the light may be 
caused to disappear. During a windy night the exposed gas-jets 
in the shops are often deprived of their light, and bum blue. In 
like manner the common blowpipe-jet depriyes burning coal-gas 
of its brilliant light. I hence concluded, that the explosions, the 
lepetition of which produces the muMcal sound, rendered, at the 
momenl they occurred, the combustion so perfect as to extin- 
guish the solid carbon particles ; but I imagined that the images 
on the screen would, on closer examination, be found united by 
spaces of blue, which, owing to their dimness, were not seen by 
the m^^pd of projection. This in many instances was found to, 
be the case. 

I was not, however, prepared for the following result :— A 
flame of defiant gas, rendered almost as small as it could be, was 
procured. The 8-foot 2-inch tube was placed oyer it ; the flame, 
on singing, became elongated, and lost some of its light, still it 
was bright at its top ; looked at in the moving mirror, a beaded 
line of great beauty was observed ; in front of each bead was a 
Httle luminous star, after it, and continuous with it, a spot of 
rich blue light, which terminated, and left, as far as I could 
judge, a perfectly dark space between it and the next following 
Inminous star. I shall examint this farther when time permits 
me, but as far as I can at present judge, the flame was actually 
extinguished and relighted in accordance with the sonorous pul- 
sations.* 

When a silent flame, capable, however, of being excited by the 
voice in the manner already described, is placed within a tube, 

attention to the following pasBage, which proves that he had already made 
use of the rotating mirror in examinipg a singing flame : * A flame of hy- 
drogen gas burning in the open air presents a contmuous clrde in the 
mirror ; but while prodacing a somid within a glass tube, regular intennis- 
sions of intensity are obserTed, which present a chain-like appearance, and 
indicate alternate contractions add dilatations of the flame corresponding 
with the sonorous vibrations of the column of air.*— Phil. Trans., 1884, p. 
686. 
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and the continaons line of light produced by it in the moring 
mirror is obserred, I know no ezperimait more pretty than tiie 
resolution of this line into a string of richly Inminonfl pearis at 
the instant the Toice is pitched to the proper note. This may be 
done at a considerable distance from the jet, and with the back 
tamed towards it. 

The change produced in the line of beads when a tnning-foi^ 
capable of giving beats with the flame, is brought over the tube, 
or oyer a resonant jar near it, is also extremely interesting to 
obsenre. I will not at present enter into a more minute descrip- 
tion of these results. Sufficient, I trust, has been sud to induce 
experimenters to reproduce the effects for themselyes ; tiie mght 
of them will give more pleasure than any description of mine 
could possibly do. 



TEANSLATION OP A PAPKB ON ACOUSTIC EXPERIMENTS. * 

A glass tube open at both ends, wheiF simply blown upon by 
the mouth, gives its fundamental tone, i. e. the deepest tone belong- 
ing to it, as an open organ-pipe, feebly but distinctly. On placing 
the open hand upon one of th e openings and rapidly withdraw- 
ing it, the tube yields two notes, one after the other ; first the 
fundamental note of the closed pipe, and then the note of the 
open pipe, already mentioned, which ia an octave higJier, By the 
application of heat these fundamental tones, of which only the 
higher one will be taken into consideration here, are nosed, as is 
well known ; this is observed immediately on blowing upon a 
tube heated externally, or by a gas-flame burning in its interior. 
For example, a tube 243 miUims. in length, and 20 millims. in 
diameter, heated throughout its whole length, when blown upon 
even before it reaches a red heat, gives a tone raised a major 
third, namely, the second G sharp in the treble clef, instead of the 
corresponding E. If a gas-flame 14 millims. in length, and 1 
millim. in breadth at the bottom, is burning in the tube, the tone 
rises to the second treble F sharp. The same gas-flame raises 

* By Count Schaff^tsch: Phil. Mag., December 1807. 
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ihe tone of a tube 273 millims. in length, and 21 miUims. in 
width, from the second treble D to the corresponding E. These 
two tabes, which for brevity wiU hereafter be referred to as the 
£ tnbe and the D tube, served for all the following experiments, 
the object of which was to show a well-known and by no means 
surprising fact, in a striking manner, namely, that the colnnm 
of air in a tube is set in vibration when its fundamental tone, or 
one nearly allied, for example, an octave, is sounded outside the 
tube. The existence of the aMal vibrations was rendered i>er- 
ceptible by a colunm of smoke, a current of gas, and a gas flame. 

1. A glimmering smoky tietper was placed close under the'E 
tube held perpendicularly, and the smoke passed through the 
tube in the form of a uniform thread. At a distance of 1*5 metre 
from the tube, the first treble E was sung. The smoke curled, 
and it appeared as if a part of it would be forced out at the upper, 
and the other part at the lower opening of the tube. 

2. Two gas-burners, 1 miUim. in the aperture, were applied 
near each other to the same conducting tube. Common gas , 
flowed from both of them ; one projected from below into the D 
tube for about one-fifth of its length ; the gas flame of the other 
was 8 millims. in height. At a distance of 1*5 metre therefh)m 
the first treble D was sung ; the flt^e increased several times in 
breadth and height, and consequently in size generally ; a larger 
quantity of gas theref&re flowed out of the outer burner, which can 
only be explained by a diminution of the stream of gas in the 
inner burner, that is, in the one surrounded by the glass tube. 

8. A burner, with an aperture of 1 millim. projecting from 
below into the D tube, about 80 millims., yielded a gas flame 
14 millims. in length. At 6*6 metres therefrom the first treble E 
was sung : the flame was instantaneously extinguished. The same 
thing took place at 7 metres, when the flame is only 10 miUims. 
in height, and the first treble D sharp is sung. 

4. The*last-mentioned flame is also extinguished by the note G 
sharp sounded close to it. Noises, such as the clapping of hands, 
pushing a ch&ir, or shutting a book, do not produce this effect. 

5. A burner with an aperture of 0*5 millim., projecting from 
below 60 millims. into the D tube, yielded a globular gas flame 
8 to 8'6 millims. in diameter. By gradually closing a stopcock 
the passage of gas was more and more limited. The flame sad- 
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denly became mncli longer, but at the same time nanrowery and 
nearly cylindrical, acquiring a blaiBh color thronghont, and frcHn 
the tnbe a piercing second treble D -was sounded ; this is the 
phenomenon of the so-called chemical hamMMuea, whidi has beoi 
known for eighty years. When the stopcock>is still farther 
* closed, the tone becomes stronger, the flame longer, narrower,, and 
nearly spindle-shaped ; at last it disappears. 

An eSect exactly similar to that caused by cutting off the 
gas is produced .upon the small gas flame by a D, or the' first 
treble D, sung or sounded from instruments ; and in this case it 
is'to be obserred that the flame generally becomes the mcnre senat- 
tiye the smaller it is, and Ihe fiirther the burner projects into the 
glass tube. 

6. The flame in the D tube was 2 or 8 milHms. in lengtil ; at 
a distance of 16'8 metres (more than 51 ieet) from it, the first 
treble D was sounded. The flame immediately acquired the im- 
usual form, and the second treble D sounded and continued to 
sound ttom the tube. 

7. While the second treble D of the preceding experiment was 
sounding, the first treble D was sounded loudly close to the tube, 
when the flame became excessiyely elongated^ and then dis^ 
peared. 

8. The flame being only 1*5 millim. in length, the first trebfe 
D was sounded. The flame gave out the- second treble D (and 
perhaps sometimes also a higher D) only for a moment, and dis- 
appeared. The flame is also affected by various D^ of an ad- 
justible labial pipe, by the contra D, D, D, tfaft first treble D, and 
the second treble D of a harmonium, but by no single sharp or 
D sharp of this powerM instrument. It is also affected by ih» 
third treble D of a clarionet, although only when quite doae. 
The sung note also acts when it is produced by inspiration (m this 
case the second treble), or when the mouth is turned from the 
fiame. * 

9. In immediate proximity the note G sung is effective. 
Some influence is exerted by. noises, but not by till, and often 

not by the strongest and nearest, evidently because the exciting 
tone is not contained in them. 

10. The flame burning quietly in the interior of the D tube 
was about 2*5 miUims. in length. In the next room, the door <^ 
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wbidi "was open, the four legs of a chair were stamped shnutta- 
neonsly upon the wooden floor. * The phenomenon of the chemi- 
cal harmonica inmiediately oocnrred. A yery smfdl flame is of 
course extinguished, after somiding for an instant, by the noise 
of It chair. A tambourine, when struck, acts sometimes, but in 
general not. 

11. The flame burning in the excited singing condition in the 
interior .of the D tube, the latter was slowly raised as high as 
possible without causing the return of the flame to the ordinary 
condition. The note, the flrst treble D, was sung strongly and 
hvim off wddehly at a distance of 1*5 metre. The harmonic 
tone ceased, and the flame fell into a state of repose without being 
extinguished. 

13. The same result was produced by acting upon the draught 
of air in the tube by a fanning motion of the open hand close 
abore the upper aperture of the tube. 

18. In the I) tube there were two burners close together ; one 
of them, 0'5 millim. in aperture, opened 5 millims. below the 
other, the diameter of which was 1 nullim. or more. Currents 
of gas, independent of each other, flowed out of both; that 
flowing from the nairower burner being very feeble, and burning 
when ignited, with a flame about 1*5 millim. in length, nearly 
imrisible in the day ; the first treble D was sung at a distance of 
three metres. The strong current of gas was immediately in- 
flamed, because the little flame situated below it, becoming 
elongated, flared up into it. By a stronger action of the tone, 
the small flame itsdf is extingmshed, so that an actual transfer 
of the flame torn one burner to the other takes place. Soon after- 
wards the feeble current of gas is usually again inflamed by the 
large flame, and if the latter be again extinguished alone, eyery- 
thing is ready for a repetition of the experiment. 

14. The same result is furnished by stamping with the chair, 
Ac, It is eyident thai in this way gas-flames of any desired 
size and any mechanical action may be produced by musical 
tones and noises, if a wire stretched by a weight be passed through 
the f^asa tube in such a way that the flaring gas-flame must bum 
upon it. 

15. If the flame of the chemical harmonica be looked at stead- 
fastly, and at the same time the head be moyed rapidly to the 
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right and left alternately, an nninteirapted streak of light is not 
seen, snch as is giyen by ereiy other Imninons body, bat a eoies 
of closely approximated flames, and often dentated and undulated 
figures, espAually when tubes of a metre and flames of a centi- 
metre in length are employed. 

This experiment also succeeds yery easily without moving 
the eyes, when the flame is looked at through an opera-glass, the 
object-glass of which is mored rapidly to and £ro^ or in a circle ; 
and also when the picture of the flame is observed ,in a hand- 
mirror shaken about It is, however, only a variation of the 
experiment long since described and explidned by Wheatstoney 
for which a mirror turned by watchwork was employed. 

[It is perhaps but right that I should draw attention to the relatkni of 
the foregoiDg paper to one that I have published A the same subject. On 
May 6, and the days immediately following, the principal facts described in 
my paper were discovered.; but on April 80, the foregoing results were 
communicated by Prof. Poggendorff to the Academy of Sciences in Beriin. 
Through the kindness of Mr. Scha%otsch himself, I received his paper at 
Chamouni, many weeks alter the publication of my own, and until then I 
was not aware of his having continued his experiments upon the subject 

We thus worked independently of each other, but as far as the describ- 
ed phenomena are conmion to both, all the merit of priority resfes with 
Count Schaffgotsch.— J. T.] 



LECTURE IX. 

[March' 20, 1862.] 

I^W or DIMINtmOH WITH THE DISTANCE — THE WAVES OF 80UIVD LONQI* 
TUDINAL ; THOSE t^V LIGHT TRAMSTKBSAL^-WHEN THET OSCILLATE THE 
VOEBCULES or DUTERSKT BODIES COMMUinCATB DIETERENT AMOUNTS 
OF MOTION TO THE ETHEB — RADIATION THE COMMUNICATION OV MO- 
TION TO THE ETBEB; ABSORPTION THE ACCEPTANCE OE MOTION EROM 
THE ETHER — THOSE SURFACES WHICH RADIATE WELL ABSORB WELL — ^A 
CLOSE WOOLLEN COTERINQ FACILITATES COOLINO PREBERTATITE IN- 
FLUENCE OF GOLD-LEAF — THE ATOMS OF BODIES SELECT CERTAIN WATES 
FOR DESTRUCTION AND ALLOW OTHERS TO PASS — TRANSPARENCY AND 
DIATHERMANCY — ^DIATHERMIO BODIES BAD RADUTORS — ^THE TERM QUAL- 
ITY AS APPLIED TO RADIANT HEAT — THE RATS WHICH PASS WITHOUT 
ABSORPTION DO NOT HEAT THE ^EDIUM : THE MOST POWERFUL SOLAB 
RATB MAY PASS THROUGH AIR WHILE THE AIR REMAINS BELOW A 
FREEZING TEMPERATURE — PROPORTION OF LUMINOUS AND OBSCURE RATS 
IN VARIOUS FLAMES. 

I HAVE said that the intensity of ra4iBnt heat dimin- 
iBhes with the distance, as light diminishes. What is 
the law of dimination for light? I have here a sqnare 
sheet of paper, each side of the square measuring two feet; 
I fold it thus to form a smaller square, each side of which 
is a foot in length. The electric lamp now stands at a dis- 
tance of sixteen feet from the screen ; at a distance of 
eight feet, that is exactly midway between the screen and 
the lamp, I hold this square of paper ; the lamp is naked, 
nnsnrrounded by its camera, and the rays, uninfluenced by 
any lens, are emitted on all sides. You see the shadow of 
the square of paper on the screen. My assistant shall meas- 
ure the boundary of that shadow, and now I unfold my 
sheet of paper so as to obtain the original large square ; 
13* 
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70a Bee by the creases, that it is exactly fonr times the urea 
of the smaller one. I place this large sheet against the 
screen, and find that it exactly covers the space formerly 
occupied by the shadow of the small square. 

On the small square, therefore, when it stood midway 
between the lamp and screen, a quantity of light feU which, 
when the small squares is removed, is diffiised over four 
times the area upon the screen. But if the same quantity 
of light is diffused over four times the area, it must be dilu- 
ted to one-fourth of its original intensity. H^ioe, by 
doubling the distance from the source of light, we diminish 
the intensity to one-fourth. By a precisely similar mode 
of experiment we could prove, that by trebling the dis- 
tance we should diminish the intensity to one-ninth ; and 
by quadrupling the distance we should reduce the intensity 
to one-sixteenth: in short, we thus demonstrate the law 
that the intensity of light diminishes as the square of the 
distance increases. This is the celebrated. law of Inverse 
Squares as applied to light. 

But I have said that heat diminishes according to the 
same hiw. Observe the experiment which I am now about 
to perform before you. I have here a tin vessel ; narrow, 
but presenting a side a square yard in area, mn (fig. 82). 
This side, you observe, I have coated with lampblack. I 
fill the vessel with hot water, intending to make this large 
surface my source of radiant heat. I now place the coni<^ 
reflector on the thermo-electric pile, p, but instead of per- 
mitting it to remain a reflector, I push iato the hollow cone 
this lining of black paper, which fits exactly, and which, 
instead of reflecting any heat that may fall obliquely on it, 
completely cuts off the oblique radiation. ' The pile is now 
' connected with the galvanometer, and I place its reflector 
close to this large radiating surfece,'the face of the pile 
being about six inches distant from the surface. 

The needle of the galvanometer moves : let it move 
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until it takes up its final position. It now points steadily 
to 60°, and there it will remain as long as the temperature 




of the radiating surface remaias sensibly constant. I will 
now gradually withdraw the pile from the surface, and will 
ask you to observe the effect upon the galvanometer. Of 
course you will expect that as I retreat from the source of 
heat, the intensity of the heat wiU diminish, and that the 
deflection of the galvanometer will diminish in a corre- 
sponding degree. I am now at double the distance, but the 
needle does not move ; I treble the distance, the needle is 
still stationary ; I successively quadruple, quintuple — go to 
ten times the distance, but the needle is rigid in its adher- 
ence to the deflection of 60°. There is, to all appearance, 
no diminution at all of intensity with the increase of dis- 
tance. 

From this experiment, which might at first sight appear 
fatal to the law of inverse squares, as applied to heat, Mel- 
loni, in the most ingenious manner, proved the law. Mark 
Ins reasoning. I again place the pile close to the radiating 
surface. Imagine the hollow cone in front of the pile pro- 
longed ; it would cut the radiating sxurface in a circle, and 
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thifl circle is the only portion of the surface whose rays oa& 
reach the pile. All the other rajs are cot off by the noa 
reflecting lining of the cone. I move the pile to doable the 
distance ; the section of the cone prolonged now encloses 
a circle of the radiating surface, exactly four times the area 
of the former circle ; at treble the distance the radiatu^ 
surface is augmented nine times ; at ten times the distance 
the radiating surface is augmented 100 times. But the 
constancy of the deflection proves that the augmentation 
of the radiating surface must be exactly neutralised by the 
diminution of intensity ; the radiating surface augm^its as 
the square of the distance, hence the intensity of the heat 
mluft diminish as the square of the distance/ and Hius the 
experiment, which might at first sight appear fatal to the 
law, demonstrates the law in the most simple and condu- 
sive manner. 

Let us now revert for a moment to our fundamental 
conceptions regarding radiant heat. Its origin is an oscil- 
latory motion of the ultimate particles of matter — a motion 
taken up by the ether, and propagated through it in wares. 
The particles of ether in these waves do not osdllate in the 
same manner as the particles of air in the case of socmd. 
The air-partidesmove to and fro, in the direction in which 
the sound travels, the ether partides move to and fro, 
(zcross the lioe in which the light travels. The undulations 
of the air are longitudinal, the undulations of the ether are 
transversal. The ether waves resemble more the ripples 
of water than they do the aerial pulses which produce 
sound ; that this is the case has been inferred from optical 
phenomena. But it is maaifest that the disturbance pro> 
duced in the ether must depend upon the character of the 
oscillating mass ; one atom may be more unwiddy than an- 
other, and a siagle atom could not be expected to produce 
so great a disturbance as a group of atoms oscillating as a 
system. Thus, when different bodies are heated, we may 
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fairly expect that they will not all create the same amomit 
of disturbaDce in the ether. It ifl probal^le that some will 
oommmiicate a greater amonnt of motion than others : in 
other words, that some will radiate more copioudy than 
others ; for radiation, strictly defined, is the communication 
qf motion from the partidea of a heated body^ to the ether 
m which these partidea are immersed* 

Let ns now test this idea by experiment. I have here 
a cubical vessel, c (fig. 88)— a * Ledie's cube '—so called 
from its having been iSed by Sir John Leslie in his beauti- 
ful researches on radiant heat. The mass of the cube is 
pewter, but one of its sides is coated with a layer of gold, 
another with a layer of silver, a third with a layer of cap- 
per, while -the fourth I have coated with a varnish of isin- 
glass. I fill the cube with hot water, aud keeping it at a 
constant distance from the thermo-electric pUe, p, I allow 

Fig. 88. 




its four faces to radiate, in succession, against the pile. 
The hot gold surface, you see, produces scarcely any deflec 
tion ; the hot mlver is equally inoperative, the same is the 
case with the copper ; but when I turn this varnished sur- 
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faoe towards the pile, the gash of heat becomes soddenlj 
augmented ; and the needle, as yon see, moves up to its 
stops. Hence we infer, that through some physical cause 
or other, the molecules of the yamish, when set in motion 
by the hot water within the cube, communicate more nu>- 
tion to the ether than the atoms of the metals ; in other 
words, the varnish is a better radiator than the metals are. 
I obtain a similar result when I compare this silver teapot 
with this earthenware one ; filling them both with boiling 
water, the silver, you see, produoe«f but little effect, while 
the radiation from the earthenware is so copious as to drive 
the needle up to 90^*. Thus, also, if I compare this pewter 
pot with this glass beaker, when both are filled with hot 
water, the radiation from the glass is much more powerful 
than that from the pewter. 

You have often heard of the effect Of colours on radia- 
tion, and heard a good deal, no doubt, which is unwarrant- 
ed by experiment. I have here a cube, one of whose sides 
is coated with whiting, another with carmine, a third with 
lampblack, while the fourth is left uncoated. I preset tlie 
black surface first to the pile, the cube being filled wilJi 
boiling water ; the needle moves up, and now points stead- 
ily to 65°. The cube rests upon a little turn-table, and by 
turning the support I present the white face to the pile ; 
the needle remains stationary, proving that the radiataon 
from the white surface is just as copious as that from tJie 
black. I turn the red surface towards the pile, there is no 
change m the position of the needle. I turn the uncoated 
side, the needle instantly falls, proving the inferiority of 
the metallic surface as a radiator. I repeat precisely the 
same experiments with this cube, the tides of which are 
covered with velvet ; one faoe with black velvet, another 
with white, and a third with red. The results are precise- 
ly the same as in the former instances ; the three vdvet 
surfaces radiate alike, while the naked surface radiates less 
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than unj of them. These expeiiments show that the mdia- 
ti(Hi from the clothes which cover the hmnaii body, is inde- 
pendent of the colour of these clothes ; the colour of an 
imimal's fiir is equally incompetent to influence the^ radia- 
tion. These are the conclusions arrived at by Mellon! for 

But if the coated surface communicates more motion to 
the ether than the uncoated one, it necessarily follows that 
the coated vessel will eool more quickly than the uncoated 
one. I have here two cubes, one of which is quite coated 
with lampblack, while the other is bright. At the com- 
mencement of the lecture I poured boiling water into these 
vessels, and placed in each a thermometer. A short time 
ago both thermometers showed the same temperature, but 
now one of them is two degrees below the other. The ve- 
locity of cooling in one vessel is greater than in the other, 
and the vessel which cools quickest is the coated one. Here 
are* two vessels, one of which is bright and the other close- 
ly coated with flannel. Half an hour ago two thermometers 
phmged in these vessels showed the same temperature, but 
they show it no longer ; the covered vessel has now a tem- 
perature two or lliree degrees lower than the naked one. 
It is .usual to preserve the heat of teapots by a woollen 
covering, but the cover must fit very loosely. In this case, 
though the covering may be a good radiator, its goodness 
is more than coimterbalanced by the difficulty encountered 
by the heat iu reaching the outer surface of the covering. 
A closely fitting cover would, as we have seen, promote the 
loss which it is intended to diminish^ and thus do more 
harm than good. 

One of the most interesting points connected with our 
subject is the reciprocity which exists between the power 

* By the application of a more powerful and delicate test than that 
employed by Melkmi, I find that his condnsions will require modification. 
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of a body to conunnnicate motion to the ether, or to radt 
ate ; and its capacity to accept motion from the ether, or 
to absorb. As regards radiation we have already compared 
lampblack and chalk with metallic surfaces ; we will now 
compare the same substances with reference to their powers 
of absorption. I have here two sheets of tin, m n, o p (fig. 
84), one of them coated with whiting and the other left 
uncoated. I place them thus parallel to each other, and 

Fig. 84. 




at a distance of about two feet asunder. To the edge of 
each sheet I have soldered a screw, and from one screw to 
she other I stretch a copper wire, a ft, which now connects 
the two sheets. At the back of the sheet I have soldered 
one end of a littie bar of bismuth, to the other end, e, of 
which a wire is soldered, and terminated by a binding 
tcrew. To these two binding screws I attach the two ends 
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of the wire oonung from my galvanometer at a, and yoa 
observe I have now an nnbroken circuit, in which the gal- 
vanometer is indnded. Tou know already what the bis- 
mnth bars are intended for. I place my warm finger on 
this left-hand one, a current is* immediately developed, 
which passes from the bismuth to the tin, thence through 
the wire connecting the two sheets, thence round the gal- 
vanometer, to the point from which it started. You ob- 
serve the effect. The needle of the galvanometer moves 
through a large arc ; the red end going towards you. The 
junction of tin and bismuth is now cooling, the needle^ re- 
turns to 0% and now I will place my finger upon the bis- 
muth at the back <flF the other plate — ^you see the efiect — a 
large deflection in the opposite direction ; the red end of 
the needle now come^ towards me. I withdraw my finger, 
the junction cools, and once more the needle sinks to 
zero. 

I set this stand exactly midway between the two sheets 
of tin, and on the stand I intend to place a heated copper 
ban ; the ball will radiate its heat against both sheets ; on 
the right, however, the rays will strike upon a coated sur- 
face, while on the left they will strike upon a naked metalr 
lie surface. If both surfaces drink in the radiant heat — ^if 
both accept with equal freedom the motion' of the ethereal 
waves — ^the bismuth junctions at the backs will be equally 
warmed, and one of than will neutralise the other. But 
if one surface be a more powerful absorber than the other, 
that which absorbs most will h^at its bismuth indicator 
most ; a deflection of the galvanometer needle will be the 
consequence, and the direction of the deflection will tell us' 
whidi is the best absorber. The ball is now upon the 
stand, and you see we have not long to wait for a decision 
of the question. The prompt and energetic deflection of 
the needle informs us that the coated surface is the most 
powerful absorber. In the same way I compare lampblack 
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and varnish with tin, and find the two fonner by tsr the 
best absorbers.* 

The thinnest metallic coating* fnmishes a powerful de- 
fence against the absorption of radiant heat I have here 
a sheet of * gold paper,* the gold being merely copper re- 
duced to great tenuity. Here is a red powder, the iodide 
of mercury, with which I coat the under surface of the gold 
paper. This iodide, as many of you know, has its red col- 
our discharged by heat, the powder becoming a pale yel- 
low. I lay the paper flat on this board with the coloured 
surface downwards, and on this upper metallic surface I 
paste pieces of paper — common letter paper will answer my 
purpose. A figure of any desired shape is thus formed on 
the surface of the copper. I now take a red-hot spatula in 
my hand and pass it several times over the sheet; tiie 
spatula radiates strongly against the sheet, but I apprehend 
this its rays are absorbed in very different degrees. The 
metallic surface will absorb but little ; the paper surfaces 
will absorb greedily ; and, on turning up the sheet, you see 
the effect : the iodide underneath the metallic portion is 
perfectly unchanged, while under every bit of pap^ the 
colour is discharged, thus forming below an exact copy of 
the figure pasted on the opposite surface of the sheet 
Here is another example of the same kind, for which I am 
indebted to Mr. Hill, of the establishment of Mr. Jacob 
Bell in Oxford Street. A hot fire sent its rays against this 
painted piece of wood (fig. 85), on which the number 838 
was printed in gold leaf letters ; the paint is blistered and 
diarred all round the letters, but underneath the latter the 
wood and punt are quite unafiected. This thin film of 
gold has been quite sufilcient to prevent the absorption, to 
which the destruction of the surroundiog surface is due. 

* Colour, according to Kelloni, has no inflnence on the absoiption of 
obscure heat : oa luminoufl beat, eadi as that of the mm, it has great in* 
fluence. 
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The laminiferous ether fills stellar space ; it makes the 
universe a whole, and renders the interconununication of 
light and energy between star and star possible. Bat the 
subtle substance penetrates further ; it surrounds the very 

Fig. 85. 




atoms of solid and liquid substances. Transparent bodies 
are such, because the ether and their atoms are so related 
to each other, that the waves which excite light can pass 
through them, without transferring their motion to the 
atoms. In coloured bodies certain waves are broken or ab- 
sorbed; but those which give the body its colour pass 
without loss. Through this solution of sulphate of copper, 
for example', the blue waves speed unimpeded, but the red 
waves are destroyed. I form a spectrum upon the screen ; 
sent through this solution you see the red end of the spec- 
trum is cut away. This piece of red glass, on the contrary, 
owes its redness to the fact that its substance can be trav- 
ersed freely by the longer undulation of red, while the 
shorter waves are absorbed. Interposing it in the path of 
this light you see it cuts the blue end of the spectrum quite 
away, leaving merely a vivid red band upon the screen. 
This blue liquid then cuts off the rays which are transmit- 
ted by the red glass ; and the red glass cuts off the rays 
which are transmitted by the liquid ; by the union of both 
we ought to have perfect opacity, and so we have. Whe^ 
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both are placed in the padi of the beam, the entire q)eo- 
trom disappears ; the union of these two tramqtarent bodies 
produce an opacity equal to that of pitch or coaL 

I have here another liquid — a solution of the perman- 
ganate of potash — which I introduce into the path of the 
beam.. See the effect upon the spectrum; the two ends 
pass freely through, you have the red and the blae, but be- 
tween both a space of intense J^lackness. The yellow of 
the spectrum is pitilessly destroyed by thb liquid ; through 
the entanglement of its atoms these yellow rays cannot 
pass, while the red and the blue glide round them and get 
through the inter-atomic spaces without sensible hindrance. 
And hence the gorgeous colour of this liquid. I will turn 
the lamp round and project a disk of light two feet in 
diameter upon the screen. I now introduce this liquid; 
can anything be more splendid than the colour of that disk ? 
I again turn the lamp obliquely and introduce a prism; 
here you have the components of that beautiful colour; the 
violet component has slidden away from the red. You see 
two definite disks of these two colours upon the scre^ 
which overlap in the centre, and exhibit there the colour of 
the composite light which passes through the liquid. 

Thus, as regards the waves of light, bodies exerdse as 
it were an elective power, singling out certain waves for 
destruction, and permitting others to pass. Transparency 
to one wave does not at all imply transparency to otherSi 
and from this we might reasonably infer, that transparency 
to light does not imply transparency to radiant heat This 
conclusion is entirely verified by experiment. I have here 
a tin screen, m k (fig. 86), pierced by an aperture, behind 
which is soldered a small stand 8. I place this copper ball, 
B, heated to dull redness, on a candlestick, which will serve 
as a support for the balL At the other side of the screen I 
place my thermo-electric pile, p ; the rays from the ball 
now pass through the aperture in the screen and fall upon 
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the pUe — ^the needle goes up, and finally comes to rest with 
a steady -deflection of 80°. I have here a glass cell, a 
quarter of an inch wide, which I now fill with distilled wa- 
ter. I place the cell on the stand, so that all rays reaching 
the pile must pass through it; what takes place? The 




needle steadily sinks almost to zero ; scarcely a ray from 
the ball can cross this water ; — ^to the undulations issuing 
from the ball the water is practically opaque, though so 
extremely transparent to the rays of light. Before l^mov- 
ing the cell of water I place behind it a similar ceU, con- 
taining transparent bisulphide of carbon ; so that now, 
when I remove the water cell, the aperture is still barred 
Vy the new liquid. What occurs ? The needle promptly 
moves upwards and describes a large arc ; so that the self- 
same rays that found the water impenetrable, find easy ac- 
cess through the bisulphide of carbon. In the same way I 
compare this alcohol with this chloride of phosphorus, and 
find the former ahnost opaque to the rays emitted by our 
warm ball, while the latter permits them to pass freely. 
So afiK> as regards solid bodies ; I have here a plate of 
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very pare glass, which I place on the stand, and, nnng a 
cube of hot water instead of the ball b, I permit the rays 
from the heated cube to pass through it, if they can. No 
movement of the needle is perceptible. I now displace the 
plate of glass by a plate of rocksalt of ten times the ^ck- 
ness ; you see how promptly the needle moves, until it is 
arrested by its stops. To these rays, then, the rocksalt is 
eminently transparent, while the glass is practically opaque 
to them. 

iFor these, and numberless similar results, we are in- 
debted to Melloni, who may be aknost regarded as tl^ 
creator of this branch of our subject. To express this 
power of instantaneous transmission of radiant heat, he 
proposes the word diaihermancy. Diathermancy bears the 
same relation to radhmt heat that transparency does to 
light. Instead of ^ving you determinations of my own 
of the diathermancy of various bodies, I will make a selec- 
tion from the tables of the eminent Italian philosopher just 
referred to. In these determinations Melloni uses four dif- 
ferent sources of heat, the flame of a Locatelli lamp ; a 
spiral of platinum wire, kept incandescent by the flame of 
an alcohol lamp ; a plate of copper heated to 400° Cent., 
and a plate of copper heated to 100° Cent., the last men- 
tioned source being the surface of a copper cube contain- 
ing boiling water. The experiments were made in the fol- 
lowing manner : — ^First, the radiation of the source, that is 
' to say the galvanometeric deflection produced by it, was 
determined when nothing but air intervened between tke 
source and the pile ; then the substance whose diatherman- 
cy was to be examined was introduced, and the consequent 
deflection noted. Calling the quantity of heat represented 
by the former deflection 100, the proportionate quantities 
transmitted by twenty-five difierent substances are given in 
the following table : — 
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11 


60 


54 
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12 


69 


42 
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28 
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89 
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eOlass . . 


89 


24 
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*! Rock crystal (clear) . 


88 


28 


6 


# S 


SSoM^quartz 


87 


28 


6 


8 


9 Ohromate of Potash . 


84 


28 


15 





10 White Topaz 


88 


24 


4 





11 Carbonate of Lead . 


82 


28 


4 





12 Solpfaate of Baryta . 


24 


18 


8 





13 Felspar 


28 


19 


6 





14 Amethyst (violet) . 


21 


9 


2 





15 Artificial amber 


21 


5 








16 Borate of Soda 


18 


12 


8 





17 Tourmaline (deep green) 


18 


16 


8 





18 €k>mmon gum 


18 
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19 3elemte 


14 
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20 Citric add . 


11 
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21 Tartrate of Potash . 


11 
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22 Natural amber 


11 
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28 Ahim 


9 


2 








24 Sugar-candy . 


8 


1 





(f 


25 Ice . 


6 


0-5 









Tiiis' table shows, in the first place, what very different 
transmiflsive powers different solid bodies possess. It 
shows US also that, with a single exception, the transparen- 
cy of the bodies mentioned for radiant heat varies with the 
quality of the heat. Rocksalt alone is equally transparent 
to heat from the four sources experimented with. It must 
be borne in mind here that the luminous rays are also calo- 
rific rays ; that the selfsame ray, falling upon the nerve 
of vision, produces the impression of light ; while, impinge 
ing upon other nerves of the body, it produces the impres- 
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sion of heat. Hie lnmmoiis calorific rays baye, however, a 
shorter length than the obscure rays, and knowing, as we 
do, how diffe^entlj waves of different lengths are absorbed 
by bodies, we are in a measure prepared for the results of 
the foregoing table. Thus, while gh^s, of the thickness- 
specified, permits 39 per cent, of the rays of Locatelli^s 
lamp, and 24 per cent, of the rays from the incandescent 
platinum to pass, it gives passage to only 6 per cent of the 
rays from copper, at a temperature of 400° C, while it is 
absolutely opaque to all rays emitted from a source of lOO'* 
C. . We also see that limpid ice, which is so highly trans- 
parently) light, allows to pass only 6 per cent, of the rays 
of the lamp, and 0*6 per cent, of the rays emitted by the 
incandescent platinum, while it utterly cuts off all rays issii- 
ing from the other two sources. We have here an intimar 
tion, that by far the greater portion of the rays emitted by 
the lamp of LocateUi must be obscure. Luminous rays' 
pass through ice, of the thickness here given, vnthont sen- 
sible absorption, and the fSetct that 94 per cent, of the ray» 
issuing from Locatelli's flame are destroyed by the ioe» 
proves that this proportion of these rays must be obscure. 
As regards the influence of transparency, clear and smoky 
quartz are very instructive. Here are the two substances, 
one perfectly pellucid, the other a dark brown ; still, fo' 
the luminous rays only, do these two specimens show » 
difference of transmission. The clear quartz transmits 88 
per cent., and the smoky quartz 37 per cent, of the rays 
from the lamp, while, for the other three sources, the trans- 
missions of both substances are identical. 

In the following table, which I also borrow from Mer 
loni, the calorific transmissions of different liquids are 
given. The source of heat was an Argand lamp furni^^^ 
with a glass chimney, and the liquids were enclosed m * 
cell with glass sides, the thickness of the liquid layer being 
9*21 millemetres. 
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HanMB of Liquids 

BiBulplude of Gaibon . 

Bkiiloride of Sulphur. 

Protochloride ci PhofiphoroB 

Eas^oe of Tinpentine 

OUyeOil 

Naphtha 

BBBenoe of Larender 

Snlphniic Ether 

Sulfduuic Add 

Hydrate of Ammonia 

Kitrio Acid . 

Absolute Alcohd 

Hydrate of Potash 

Acetic Acid . 

Pyroligaeoos Add 

CoDcentvated Solution of Sugar 

SohitionofBocksalt 

White of Ifeg 

Instilled Wat^r 
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es 
es 

62 
81 

80 



26 
21 
17 
15 
15 
16 
18 
12 
12 
12 
12 
11 
11 



liqnida are here shown to be as diyerse in their powers 
of tctWDEiiBBicn 2» solids ; and it is also worthy of remark^ 
tbat water m ^ntAinfl its opacity, notwithstanding the 
<dumge in its state of aggregation. 

The reciprocity which we have akeady demonstrated 
between radiation and absorption in the case of metals, 
vanushes, Sso^ may now be extended to the bodies contain- 
ed in Melloni's tables. I will content myself with one or 
two iUnstrations, borrowed from Mr. Balfonr Stewart Here 
is a copper yessel in which water is kept in a state of gen- 
tle ebnUition. On the flat copper lid of this vessel I place 
plates of glass and of rocksalt, till they have assumed the 
temperature of the lid. I place the plate of rocksalt upon 
this stand, in front of the thermo-electric pile. Ton ob- 
serve tiie dedection ; it is so small as to be scarcely sensi- 
ble. I now remove the rocksalt, and put ia its place a 
14 
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plate of heated ^lass ; the needle moves upwards through 
a large arc, thus conclusively showing that the glass, which 
is the more powerful absorber of obscure heat, is also the 
more powerful radiator. Alum, unfortunately, melts at a 
temperature lower than that here made use of; but though 
its temperature is not so high as that of the glass, you can 
see that it transcends the glass as a radiator ; the action on 
the galvanometer is still more energetic than in the case of 
the last experiment 

Absorption takes place within the absorbing body ; and 
it requires a certain thickness of the body to accomplish 
the absorption. This is true of both light and radiant 
heat. A very thin stratum of pale beer is almost as colour- 
less as a stratum of water, Jhe absorption being too incon- 
siderable to produce the decided colour which larger masses 
of the beer exhibit. I pour distilled water into a drinking 
glass ; in this quantity it exhibits no trace of colour, but I 
have arranged here an experiment which will show you that 
this pellucid liquid, in sufficient thickness, exhibits a very 
decided colour. Here is a tube fifteen feet long, a b (fig, 
87), placed horizontal, the ends of which are stopped by 
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pieces of plate glass ; at one end of the tube stands an elec- 
tric lamp, L, from which I intend to send a cylinder of 
light through the tube. The tube is now half filled, with 
water, the upper surface of which cuts the tube in two 
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equal parts horizontally. Thus I send half of my beam 
through air and half through water, and with this lens, c, 
I intend to project a magnified image of the adjacent end 
of the tube, upon the screen. Here it is ; you see the 
image, o p, composed of two semiqircles, one of which is 
due to the light which has passed through the water, the 
other to the light which has passed through the air. Side 
by side, thus, you can compare them, and you notice that 
while the air semicircle is a pure white, the water semicir- 
cle is a bright and delicate blue green. Thus, by augment- 
ing the thickness through which the light has to pass, you 
deepen the colour ; this proves that the destruction of the 
light rays takes place mthin the absorbing body, and is not 
an effect of its surface merely. 

Melloni shows the same to be true of radiant heat. In 
our table, «t page 311, the thickness of the plates used was 
2*6 millimetres, but by rendering the plate thinner we en- 
able a greater quantity of heat to get through, and by ren- 
deri^ it sufBciently thin, we may, with a very opaque sub- 
* stance, almost reach the transmission of rocksalt. The fol- 
lowing table shows the influence of thickness on the trans- 
missive power of a plate of glass. 



Tbtekomof 

PlAtoBtaHim- 

metres 


Traumtekni by Glaae of different tblekn«««s; per centage of 


IiO<»atelli Lunp 


Ineandeseent 
PlAtinam 


^iTa^ 


"^^^^ 


2-6 
0-6 
(H)7 


89 
64 
77 


24 
87 
57 


6 
12 
84 , 




1 
12 



Thus, we see, that by diminishing the thickness of the 
plate from 2*6 to 1'07 mllimetres, the quantity of heat 
transmitted rises, in the case of the lamp of Looatelli, from 
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80 to 77 per cent. ; in the case of the incandesc^t plati- 
nmn, from 24 to 57 per cent ; in the case of copper at 400° 
C. from 6 to 34 per cent ; and in the case of copper at 
100*^ C, from absolute opacity to a* transmission of 12 per 
cent 

The influence of the thickness of a plate of setenite on 
the qtumtity of heat which it transmits is exhibited m die 
following table. 



Thloknenof 
Plates in MiUi- 
' metres. 


Trsmmlaslons by Selenite of different thicknesBss; pereenlv i 
of total radlaUoo. 




InesndeeeeBt 
Platinum 


^^STa^ 


'^^l 


2.6 
0.4 
0.01 


14 

88 
64 


6 
Id 
51 




7 

82 


i 

' 81 1 

-1 



The decomposition of the solar beam gives us the solar 
spectmm ; Imninons in the centre, calorific at one eno, and^ 
chemical at the other. The srai is therefore a source of 
heterogenous rays, and there can scarcely be a doubt tiiat 
all other sources of heat, luminous and obscure, partake of 
this heterogeniety. In general, when such mixed rays enter 
a diathermic substance, some are struck down and others 
permitted to pass. Supposing, then, that we take a sheaf 
of calorific rays which have already passed through a dia- 
thermic plate, and permit them to fall upon a second plate 
of the same material, the transparency of this second plate 
to the heat incident upon it will be greater than the trans- 
parency of the first plate to the heat incident on U. In 
fact the first plate, if sufficiently thick, has ah-eady extin- 
guished, in great part, the rays which the substance is 
capable of absorbing ; and the residual rays, as a matter of 
course penetrate a second plate of the same subfstance wiih 
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eomp9ani,ix\e freedom. The original beam laMfted by the 
first plate, and the purified beam possesses, for the same 
snbstanoe, a higher penetradve power than the original 
beam. 

This power of penetration has nsnally been taken as a 
test of the^^tio^ftfy of heat; the heat of the purified beam is 
said to be different in quality from that of the nnpnrified 
beam. It is not, however, that any individnal ray has 
changed its quality, but that from the beam, as a whole, 
oertain rays have been withdrawn, and that their with- 
drawal has altered the proportion of the incident heat 
transmitted by a second substance. This, I think, is the 
tme meaning of the term ^ quality ' as appled to radiant 
heat. Li the path of the rays from a lamp let plates of 
rocksalt, alum, bichromate of potash, and selenite be suo 
cessiTdy placed, each plate 2*6 millimetres in thickness ; let 
the heat emergent from these plates fall upon a second se- 
ries of the same thickness ; out of every 100 rays of this 
latter heat, the following proportions ye transmitted. 



Bodualt 


92-8 


Alum 


90 


Chromate of Potash . 


n 


Selenite 


91 



Beferring to the table, p. 811, we find that of the 
whole of the rays emitted by ihe Locatelli lamp, only 84 
per cent, are transmitted by the chromate of potash ; here 
we find the percentage 71. Of the entire radiation, sele- 
nite transmits only 14 per cent., but of the beam which has 
been purified by a plate of its own substance it transmits 
91 per cent. The same remark applies to the alum, which 
transmits only 9 per cent, of the unpurified beam, and 90 
per cent, of the purified beam. In rocksalt, on the con- 
teary, the transmissions of the sifted and unsifted beam 
are the same, because the substance is equally transparent 
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to rays of all kinds.* In these cases I have supposed the 
rays emergent from rocksalt to pass through rocksalt ; tiie 
rays emergent from alum to pass through alum, and so of 
the others ; but, as might be expected, the sifting of the 
beam, by any substance, will alter the proportion in which 
it will be transmitted by almost any other second suh- 
stance. 

I will conclude these observations with an experiment 
which will show you the influence of sifting in a very 
striking manner. I have here a sensitive differential sir- 
thermometer with a dean glass bulb. You see the slightr 
est touch of my hand causes a depression of the thenno- 
metric column. Here is our electric lamp, and from it I 
vrill converge a powerful beam on the bulb of that ther- 
mometer. The focus now falls directly on the bulb, and 
the dr within it is traversed by a beam of intense power; 
but not the slightest depression of the thermometric col- 
umn is discernible. When I first showed this experiment 
to an individual here present, he almost doubted the evi- 
dence of his senses ; but the explanation is simple. Ihe 
beam, before it reaches the bulb, is already sifted by the 
glass lens used to concentrate it, and having passed 
through 12 or 14 feet of air, the beam contains no constit- 
uent that can be sensibly absorbed by the air witWn the 
bulb. Hence the hot beam passes through both sir and 
glass without warming either. It is competent, however, 
to warm the thermo-eleotric pile ; exposure of the pSe to 
it, for a single-instant, suffices to drive the needle violently 
aside ; or let me coat with Imnpblack the portion of the 
glass bulb struck by the beam; you see the effect: the 
heat is now absorbed, the air expands, and the thermo- 
metric column is forcibly depressed. 

• This was Melloni^s condnsion ; but the experiments of MM. Prorosteye 
and Desuns, and of Mr. Balfour Siewart, prove that the oondufliffli is not 
strictly correct 
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We use glass fire-screens, which jallow the pleasant 
Bght of the fire to pass, while they cnt off the heat ; the 
reason is, that by far the greater part of the heat emitted 
by a fire consists of obscure rays, to which the glass is 
opaque. But in no case is there any loss. The rays ab- 
sorbed by the glass go to warm the glass ; the motion of 
the ethereal waves is transferred to the molecules of the 
BoHd. But you may be inclined to urge, that under these 
circmnstances the glass screen itself ought to become a 
source of heat, and* that therefore we ought to derive no 
benefit from its absorption. The fact is so, but the condu. 
sion is unwarranted. The philosophy of the screen is this : 

Big. 88. 




— ^Let p (fig. 88) be a fire from which the rays proceed in 
straight lines towards a person at p. Before the screen is 
introduced, each ray pursues its course direct to p ; but 
now let a screen be placed at s. The screen intercepts the 
rays of heat and becomes warmed ; but instead of sending 
on the rays in their original direction only, it emits them, 
as a warm body, in aU directions. Hence, it cannot re- 
store to the person at p all the heat intercepted. A per- 
son of the heat is restored, but by far the greater part is 
diverted from p, and distributed in other directions. 

Where the waves pursue their way unabsorbed, no mo- 
tion of heat is imparted^ as we have seen in the case of the 
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air liiennometer. A joint of meat might be roasted before 
a fire, with the air around the joint as eoLi as ioe. The air 
on high monntains may be intensely oold, while a burning 
sun is overiiead ; the solar rays which, striking on the hu- 
man skin, are almost intolerable, are inoompetent to heat 
the air sensibly, and we have only to withdraw into perfect 
shade to feel tiie chill of the atmosphere. I never, on any 
occasion, suffered so much from solar heat as in descending 
from the * Corridor ' to the Grand Plateim of Mcmt Blanc, 
on August 18, 1857 ; though hip deep in snow at the iim^j 
the sun blazed against me with unendurable power. Lnr 
merdon in the Shadow of the Dome du <jh>ut^ at once 
changed my fee^ngs ; for here the air was at a freezing 
temperature. It was not, however, s^fisibly colder than 
the air through whidi the sunbeams passed ; and I suffered, 
not from the contact of hot air, but from the impact of 
calorific rays which had reached me dirough a medimn icy 
cold. 

The beams of the sun also penetrate glass without sen- 
sibly heating it, and the reason is, that having passed 
through our atmosphere, the beams have been in a gi^eat 
measure deprived of those rays which can be absorbed by 
glass.* I made an experiment in a former lecture whi<^ 
you will now completely understand. I sent a beam from 
the electric lamp through a mass of ice without melting 
the substance. I had previously sifted the beam by send- 
ing it through a vessd of water, in which the rays ctsfoMe 
of being absorbed by the ice were lodged — find so copioils- 
ly lodgedr— that the water was raised almost to tl^ boiling 

* On d priori grotinda I should conclude tliat the obscure dolar rays 
which have succeeded in getting through our atmosphere, must be able to 
penetrate the humours of the eje and readi the retina : the recent expeiv 
ments of M. Franz prove this. Their not producing Tidon is, thentoe^ 
not due to thdr abaorption hj the humonra of the eje, but i<» their own 
intrinsic incompetence to excite the retina. 
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point doriiig llie experiment. It is here worthy* of remark 
thftt the liqtdd water and the Bolid ice ai^>e»r to be pervi- 
0118 and inqperriouB to the same rays ; the one may be used 
as a 9ieoe for the other ; a result which indicates that the 
quality of the absorption is not influenced by the di&renoe 
of aggregation between solid and liquid. It is easy to 
{MTOTe that the beam which has traversed the ice without 
melting it, is really a calorific beam, by allowing it to fall 
vapoa our thermo-electric pile. Here is a beam which has 
passed through a layer of water ; I permit it to fiall upon 
the x»le, and you instantly see its effect upon the galva- 
nometer, causing the needle to move with energy to its 
stops. Here is a beam which has passed through ice, but 
you see that it is equally competent to affect the pile ; here, 
finally, is a beam which has passed through both water and 
ice ; you see it still possesses heating power.* 

When the calorific rays are intercepted, they, as a gen- 
eral rule, raise the temperature of the body by which they 
are sbBorhed; but when the absorbing body is ice at a 
temperature of 32° Fahr., it is impossible to raise its tem- 
perature. How then does the heat absorbed by the ice 
employ itself? It produces internal liquefaction, it takes 
down the crystalline atoms, and thus forms thgse lovely 
liquid flowers which I showed you in a former lecture.f 

We have seen that transparency to li^t is not at all a 
test of dilthermancy ; that a body highly transparent to 
the luminous undulations may be highly opaque to the non- 
huninous ones. I have also given you an example of the 
of^site kind, and showed you that a body may be abso- 
lutely opaque to light and still, in a considerable degree, 
transparent to heat. I set the electric lamp in action, and 

. • Mr. Faraday has fired gunpowder by conyergiDg the Bolar rays upon it 
by a lens of ioe. 

t For tiie bearing of these results oa air and water bubbles of ice,' see 
Appendix to Lecture IX* 
14* 
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yon see this convergent beam tracking itsdf throngh the 
dost of the room : yon see the point of convergence of the 
rayd here, at a distance of fifteen feet from the lamp ; I 
will mark that point accurately by the end of this rod. 
Here is a plate of rocksalt, coated so tiiiddy with soot tbat 
the light, not only of every gas lamp in this room, but the 
electric light itself, is cut off bynt. I interpose this plate 
of smoked salt in the path of the beam ; the light is inter- 
cepted, bnt the rod enables me to find with my pile the 
place where the focus felL I place the pile at this focus : 
you see no beam falling on the pUe, but the violent action 
of the needle instantly reveals to the mind's eye a focus of 
heat at the point from which the light has been with- 
drawn. 

Ton might, perhaps, be disposed to think that the heat 
falling on the pile has been absorbed by the soot, and then 
radiated from it as an independent source. Mellon! has re- 
moved every objection of this kind ; but none of his exper- 
iments, I think, are more conclusive, as a refVitation of the 
objection, than that now performed before you. For if 
the smoked salt were the source, the rays could not con- 
verge here to a focus, for the salt is at this side of the con- 
verging lens, and you see when I displace my pile a littJe 
laterally, still keeping it turned towards the smoked salt, 
the needle sinks to zero. 

The heat, moreover, falling on the pile is, al shown by 
Melloni, practically independent of the position of the plate 
of rocksalt ; you may cut off the beam at a distance of fif- 
teen feet from the pile, or at a distance of one foot ; the 
result is sensibly the same, which could not be the case if 
the smoked salt itself were the source of heat. 

I make a similar experiment with this black glass, and' 
the result, as you see, is the same. Now the glass rqfle<^ 
a considerable portion of the light and heat from the lamp ; 
if I hold it a little oblique to the beam you can see the re- 
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fleeted portion. While the glass is in this position I will 
coat it with an opaque layer of lampblack so as to cause it 
to absorb, not only aU the rays which are now entering it, 
but also the portion which it reflects. What is the result ? 
lliough the glass plate has become the seat of augmented 
absorption, it has ceased to a£Cect the pile, the needle de- 
scends to zero, thus furnishing additional proof that the 
rays whidi, in the first place, acted upon the pile, came di- 
rect from the lamp, and traversed the black glass, as light 
tTaverses a transparent substance. 

Rocksalt transmits all rays, luminous and obscure; 
alum, of the thickness already given, transmits only the lu- 
minous rays ; hence the difference between alum and rock- 
salt will give the value of the obscure radiation. Tested 
in this way, Melloni finds the following proportions of lu- 
ndnous to obsqure rays for the three sources mentioned: — 

Bonroe Lnmlnooa Obaeoro 

Flame of OU .10 90 

JhcaDdeflcent Platinuin 2 98 

Flame of Alcohol . 1 99 

• 
Thus, of the heat radiated from the fiame of oil, 90 per 
cent, is due to the obscure rays ; of the heat radiated, from 
incandescent platinum, 98 per cent, is due to obscure rays, 
while of the heat radiated from the flame of alcohol, fully 
99 per cent, is due to the obscure radiations. 
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BZTBAOT FBOM A UElfOIE OH SOME FHTSICAI. FB0FEBTIE8 OF 
lOE.* 

«^ 

I AVAILED myself of the fine soimy weather with which we 
were fayoored last September and October, to examine the effiscts 
of solar heat npon ice. The experiments were made with Tfen- 
ham Lake and Norway ice. Slabs were formed of the snbstanco, 
varying £rom one to several inches in thic^eas, and those 
were placed in the path of a beam rendered convergent by a 
doable convex lens, 4 inches in diameter, possessing a focal dis- 
tance of 10^ inches. The slabs were nsoally so placed, that the 
focus of parallel rays fell within the ice. Haying first found the 
position of the focus in the#ir, the lens was screened ; the ice was 
then placed in position, the screen was removed, and the eSa&d 
tras watched through an ordinary pocket lens. 

A plate of ice an inch thick, with parallel sides, was first 
examined: on removing the screen the transparent mass was 
crossed by the sunbeams, and the path of the rays through it was 
instantly studded by a great number of little luminous spots, pro- 
duced at the moment, and resembling shining air-bubbles. When 
the beam was sent through the edge of the plate, so that it trav- 
ened a considerable thickness of the ice, the path of the beam 
could be traced by those brilliant spots, as it is by the floating 
motes in a dark room. 

In lake ice the planes of freezing are easily recognized by the 
stratified appearance which the distribution of the air bubbles 
gives to the substance. A cube was cut from a perfectly trans- 

» PhiL Trans. December 1867. 
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pttreot pcniion of the ico, and ishe solar beam was flent throngli 
the cube in three reetadgular direetionB saoceedyely. One was 
perpendicnhtf to the plane oi tteeang^ and the other two parallel 
to it The bright bubbles were formed in the ice in all th>ee 



When the sni&ces pezpendicolar to the planes of freezing were 
examined by a lens, after exposure to the light, they were found 
to be cat up by innumerable small parallel fissures, with here and 
there minute spurs shooting firom them, whidi ga^e the fissures, 
in some cases, a feathery ai^>earance. When the portions of the 
ice trayersed by the beam were examined parallel to the sur&ce 
of freezing, a yery beautiful a{^>eitfance reyealed itse]£ Allow- 
ing the li^t from the window to fall upon the ice at a suitable 
incidence, the interior of the mass was found filled with little 
flowei^haped figures* Each flower had six petals, and at its cen- 
tre was a bright spot, which shone vnih. more than metallic bril- 
liancy. The petaU ioere mcmifMy eom^poted cf toater, and were 
consequoiitly dim, their yisibility depending on the small differ- 
ence of refrangibility between ice at 82'' Fahr. and water at the 
same temperature. 

Vor a long time I Ibimd the relation between the planes of 
these flowers and tibe planes of freezing perfectly constant. They 
were always parallel to each other. The deyelopement of the 
flowers was independent of the direction in which the beam tray- 
ersed the ice. Hence, when an irregulariy shaped mass of trans- 
parent ice was inresented to me, by sending a sunbeam through it 
I oould teH in an instant the direction in which it had been 
frozen. 

Allowing the beam to entar the edge of a plate of ice, and. 
causing the latter to moye at right angles to the beun, so that the 
radiant heat trayersed different portions of the ice in succession, 
niien the track of the beam was obseryed through an eye-glass, 
the ice, which a moment ago was optically continuous, was in- 
stantly starred by those lustrous littie spotSj and around each of 
them the formation and growth of its associated flower could be 
distinctiy obseryed. 

The tn^JTimnin effect was confined to a space of about an inch 
from the place at which the beam first struck the ice. In this 
space the absorption, which resolyed the ice into liquid flowers, 
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for the most part took place, bat I have traced the eSkct to a 
depth of seyeral inches in large blocks of ice. 

At a distance, howeyer, from the point of incidence, the spaces 
between the flowers became greater ; and it was no tmcominon 
thing to see flowers deyeloped in planes a quarter of an inch 
apart, while no change whateyer was obseryed in the ice between 
these planes. 

The pieces of ice experimented on appeared to be quite homo- 
genous, and their transparency was yery perfect Why, then, did 
the sabstance yield at particular points ? Were they weak pcnnts 
of crystalline structure, or did the yielding depend upon the man- 
ner in which the calorific wayes impinged upon the molecules of 
the body at these points ? Howeyer these and other questions 
maybe answered, the experiments haye an important bearing 
upon the question of absorption. In ice the absorption which 
produces the flower is fltful, and not continuous ; and there is no 
reason to suppose that in other solids the case is not the same, 
though their constitution may not be such as to reyeal it.* 

I haye applied the term ' bubbles ' to the little bright disks in 
the middle of the flowers, simply because they resembled the lit- 
tle air-globules entrapx>ed in the ice ; but whether they contained 
air or not could only be decided by experiment. 

Pieces of ice were therefore prepared, through which the sun- 
beams were sent, so as to deyelope the flowers in considerable 
quantity and magnitude. These pieces were then dipped into 
warm.water contained in a glass yessel, and the effect, when the 
melting reached the bright spots, was carefhlly obseryed through 
a lens. The moment a liquid connexion toas atcHjUshed hOwem tkem 
and the atmospheres the JyMiee middenly ooUapsedj and no trace of 
€nr roee to the iufface of the warmtoater, . 

This is the r^iilt which ought to be expected. The yolume 
of water at 82° being less than that of ice at the same tempera- 
ture, the formation of each flower ought to be attended with tiie 
formation of a yacuum, which disappears in the manner described 
when the ice surrounding itis melted. 

* Notwithstanding the inoomparable diatbetmancy of the sobstanoe, tf. 
Enoblanoh finds that when plates of rocksalt are thick enough, they always 
exhibit an elective absorption. Effects like those aboye described may 
possibly be the cause of this. 
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Similar ^poiments were made with ice, in which true air- 
babbles were enclosed. When the melting liberated the air, the 
bubbles rose slowly through the liquid, and floated for a time 
upon its sur&ee. 

Exposure for a seccmd, or eren less, to the action of the sun 
was sofScient to derelope the flowers in the ice. The first appear- 
ance of tiie central star of light was often accompanied by an au- 
diUe dink, as if the substance had been suddenly ruptured. The 
edges of the petals were at the commencement definitely curved ; 
but when the action was permitted to continue, and sometimes eten 
without this, when the sun was strong, the edges of the petals be- 
came seirated, the beauty of the figure being thereby augmented. 

Sometimes a number of elementary flowers grouped together 
to form a thickly-leaVed cluster resembing a rose. Here and there 
also amid the flowers a liquid hexagon might be observed, but 
such were of rare occurrence. 

The act of crystalline dissection, if I may use the term, thus 
performed by the solar beams, is manifestly determined by the 
manner in which the crystalliae forces have arranged the mole- 
cules. By the abstraction of heat the molecules are enabled to 
build themselves together, by the introduction of heat this archi- 
tecture is taken down. The perfect symmetry of the flowers, from 
which there is no deviation, argues a similar symmetry in the 
molecular architecture ; and hence, as optical phenomena depend 
upon the molecular arrangement, we might pronounce with per- 
fect certainty from the foregoing experiments, that ice is, what 
Sir David Brewster long ago proved it to be, opt^dly speaking, 
uniaxal, the axis being perpendicular to the surface of freezing. 

sn. 

On September 25, while examining a perfectly transparent 
piece of Norway ice, which had not been traversed by the con- 
densed sunbeams, I found the interior of the mass crowded with 
parallel liquid disks, varying in diameter from the tenth to the 
hundredth of an inch. These disks were so thin, that when looked 
at in section they were reduced^ to the flnest lines. They had the 
exact appearance of the circular spots of oily scum which float on 
the surface of mutton broth, and in the pieces of ice first exam- 
ined they always lay in the platies of freezing. 
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Aa time pfogrested, ibis iptooal diniitegndcm of die ioe ap- 
pealed to become more pnmoimfied, so that eome pieoes of Nor- 
way ice examined in the middle of Kov3Qmber i^peaxed to be re- 
duced to a congeries of water-cells entangled in a do^eton of ioe. 
The effect <^ this was rendered manifest to the hand on sawing a 
Uoek of this ice, by the fnciliiy with which the saw went 
through it 

There seems to be no such thing as absolDte h<mu>geneiiy in 
nature. Change commences at distinct centres, instead of being 
uniformly and continuously distributed^ and in ihe most ^ipar- 
ently homogeneous substance we should discoyer defects, if our 
means of observation were fine enough. The above obsenraticHis 
show that some portions of a mass of ice melt more readily than 
others. The melting temperature of the substance is set down at 
82*" Fahr., but tiie absence of perfect hcxnogeneity, whether from 
difference of crystalline texture or some other cause, makes the 
melting temperature oscillate to a slight extent on both sides of 
the ordinary standard. Let this limit, expressed in parts of a de- 
gree, be t. Some parts of a block of ioe will melt at a tempera- 
ture of 82 — tj while others require a temperature of 82+t: the 
consequence is, that such a block raised to the temperature of 9^% 
will have some of its parts liquid, and others solid. 

Whw a mass exhibiting the water-disks was examined by a 
concentrated sunbeam, the six-leaved floweis before refeired to 
i^ere ahday$ formed ifi (he jpHana 6/ the disks, 

* « « « He « # 

§IIL 

What has been abready said will prepare us for the considera- 
tion of an associated dass of phenomena of great physical inter- 
est The larger masses of ioe which I examined exhibited layers, 
in which bubbles of air were collected iji unuusal quantity, mark- 
ing, no doubt, the limits of successlTe acts of fireeadng. These 
bubbles were usually elongated. Between two such beds of bub- 
bles a clear stratum of ice intervened ; and a clear surface layer, 
which, from its appearance, seemed to have suffered more from 
external influences than the rest of the ice, was associated with 
eaeh block. In this superficial portion I observed detached air- 
bubbles irregularly distributed, and aS&odated with eatk veack 
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of air, a U«l> of water 5?Me)i liid tiie appaanokee of a dxop €f dear. 
Oil vitbin tlie solid. The a^QaoeDt figme will gira a notion of 
iheae conqKNote caTities : the miBhaded ch^ 



derefpfeseaoEtetiieair-biibble, and the shaded ^^^7^^^^?^^%. 
gpace adjacent, the water. P W ^ 

.When the quantity of water was suffi- p • ^% | 

denil J large, which was usoaDy the case, on p /^ | 

tmning tiiie ice round, tlie bubble shifted its ^ ^^ J 

poBHioii,risng always at the top of the bld>' MSafe^^i^»J^ 
of water. Sometimes, however, the cell was 
fery flat, and the air was then quite surrounded by the liquid. 
These compofflte cells often occurred in pellucid iee, which showed 
inwardly no other sign of disintegration. 

This is manifestly the same phenimienon as that which struck 
M. Agassiz so forcibly during his ealier inrestigations on the gia- 
cier of tiie Aar._ The same appearances haye been described by 
the Messrs. Schlagintweit, and finally attention has been fordbly 
drawn to the sulijeot in a recent paper by lir. Huxley, published 
in the ' Philosophical Magazrae.' * 

The only ezplanatioi^of this phenomenon hitherto given, and 
adi^pted appaiently witiiout hesitation, is that <tf M. Agassiz and 
the Messrs. Schlagintweit These obseryera attribute the phe- 
fieonenon to the diathermancy of the ioe, which permits the radir 
ant heat to pass through the substance, to heat the bubbles of air, 
and cause them to melt the surrounding ioe.t 

The apparent simplicity of this explanation contributed to 
ensure its general acc^tance ; and yet I think a little reflection 
will [Aow that the hypothesis, simple as it may appear, is attend- 
ed witiii graye d^kulties. 

For the sake of distinctness I will here refer to a most interest- 
ing fact, obsenred first by M. Agassiz, and afte)rwards by the Messrs. 
Schlagintweil In the ' Systdme Qladaire * it is desqril^ed^in these 

• October, 18&1 

f n est iyident poor quiconqne a sulTi le progrte de la physique mo- 
denie, que oe pb6iiom4ne est dft uQiqaement ^ la diatherman^iU de la 
giaoe (AgassiB, Syitdme, p. 167). 

Dbs Waasdr iafe dadmch enstanden dass die Loft Wftrmestrahkn abaor* 
liirte, wekbe das Ss als diathermaaer Korper durdiliess (Sddagintwe^ 
Pjitqirsnoliuagoii, 6. 17). 
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words : 'I ought also to mention a smgolar property of those 
air-bubbles, which at first stnick ns foicibly, but which has since 
receyied a yerj satisfactory explanation. When a fragment con- 
taining air-bubbles is exposed to the action of the sun, the bub- 
bles augment insensibly. Soon, in proportion as they enlarge, a 
transparent drop shows itself at some point of the bubble. This 
drop, in enlarging, contributes on its part to the enlargement oi 
the cavity, and following its progress a little, it finishes by pre- 
dominating oyer the bubble of air. The latter then swims in the 
midst of a zone of water, and tends incessantly to reach the most 
eleyated point, at least if the fiatness of the cayity does not hin- 
der it' 

The satisfiiotory explanation here spoken of is that already 
mentioned-: let us now 'endeavour to follow the hypothesis to its 
consequences. 

Comparing equal weights of both substances, the specific heat 
of water being 1, that of air is 0*25. Hence to raise a pound of 
water one degree of temperature, a pound of air would have to 
lose four d^prees. 

Let us next compare equal volumes of the substances. Hie 
specific gravity of water bdng 1, that of the air id ^ ; hoioe a 
pound of air is 770 times the volume of a pound of water; and 
hence, for a quantity of air to raise Ut own tdkm$ of water one 
degree, it muiit part with 770x4, or 8,080 degrees of tonperature. 

Now the latent heat of water is 142*6^ Fahr., hence the quan- 
tity of heat required to melt a certain weight of ice is 142*6 times 
the quantity required to raise the same weight of water one de- 
gree in temperature ; hence, a measure of air, in order to reduce 
its own volume of ice to the liquid condition, must lose 8,080 x 
142-6, or 480,208 d^prees of temperature. 

This, then, gives us an idea of the amount of heat which, ac- 
cording to the a'bove hypothesis, is absorbed by the bubble and 
communicated to the ice during the time occupied in melting a 
quantity of the latter equal in volume to the bubble, which time 
is stated to be brief; that is to say the quantity of heat supposed 
to be absorbed by the air would, if it had not beai communicated 
to the ice, have been -sufficient to raise the bubble itsdf to a tem- 
perature 160 times that of fiised cast iron. Had air this power 
of absorption, it might be attended with inconvenient oonse- 
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qnences to the denizens of the earth ; (or we should dwell at the 
bottom of an atmospheric ocean, the upper strata of which Tf^old 
effectnally arrest all calorific radiation. 

It is established by the experinients of Delaroche and Mel- 
lom,"** that a calorific beam, emerging from any medimn wBich it 
has trayersed for any distance, possesses, in an exalted degree, 
the power of passing through an additional length of the same 
substance. Absorption takes place, for the most part, in the por- 
tion of the medium first trayersed by the rays. In tiie case of a 
plate of glass, for example, 17^ per cent, of the heat }>roceeding . 
from a lamp, is absorbed in the first fifth of a millimetre ; where- 
ss, after the rays haye passed through 6 millimetres of the sub- 
staq^ an additional distance of 2 millimetres absorbs less than 3 
per cent, of the rays thus transmitted. Supposing the rays to 
haye pa^ed through a plate 25 millimetres, or an inch, in thick- 
ness, there is no doubt that the heat emerging from such a plate 
would pass through a second layer of glass, 1 millimetre thick, 
without sufEering any measurable absorption. For an incompar- 
ably stronger reason, liie quantity of solar heat absorbed by a 
bubble of air at the earth^s surface, after the rays haye trayersed 
the whole thickness of our atmosphere, and been sifted in their 
passage through it, mut be. wholly inappredable. 

Such, if I mistime not, are the properties of radiant heat which 
modem physics haye reyealed ; and I think they render it eyident 
that the hypothesis of M. Agasmz and the Messrs. Schlagintweit 
was accepted without due regard to its consequences. 

§IV. 

But the question still remains, how are the water-chambers 
produced within the ice ? . . . One simple test will, I think, de- 
cide the question whether the liquid is, or is not, the product of 
melted ice. If it be, its yolume must be less than Ihat of the ice 
which pipduced it, and the bubble associated with the water imut 
le eon^po9ed of rarefied air. Hence, if on establishing a liquid con- 
nection between this bubble and the atmosphere a diminution of 

* La Thermochrose, p. 202, 
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rotame be observed, tliia -wUl indicate iliat the water baa been 
proAced by tbe meltiiig of the ice. 

From a block of Norway ioe, oontaining audi compound bub- 
bles, I cot a prism, and immersing it in warm water, contained in 
a glass vessel, I carefully watched through the side of the yeasel 
the effect of the melting upon the babbles. I%ey iMoariatiy fArunk 
in wlwme at the moment the eurraunditig ice wt$ mdted, and the 
diminished globules of air rose to the sor&ce of the water. I 
then arranged matters so that the wall of the cavity might be 
melted away underneath, without permitting the babble of air at 
the t<^ to escape. At the moment the melting reached the cavity 
the air-bubbles instantly collapsed to a sphsre possessing, in some 
cases, far less than the hundred^ part of its 6riginal Yo]gme. 
The e]q>eriments were repeated with several distinct masses of ice, 
and always widi the same result I think, therefore, it may be 
regarded as certain that the liquid cells are the product of melted 
ice.* 

Considering tJie manner in which ice impcaied into this conn- 
try is protected &om the solar rays, I think we must infer that in 
the specimens examined by^me, the ice in eowtact vM theJmbble 
hoi leen meked ly heaty which hoe heen conducted through the mdh 
stance uiithout vieiUe prejudice to itfaolidUy. 

Paradoxical as this may appear, I think it is no more than 
might reascmably be expected from d priori considerations* The 
heat of a body is refeired, at the present day, to a motion of its 
particles. When this motion reaches an intensity saffid^t to 
liberate the particles of a solid from their mutual attractions, the 
body passes into the liquid condition. Now, as r^^ards the 
amount of motion necessary to produce this liberty of liquidity, 
the particles at the surfiM^e of a mass of ice must be very different- 
ly circumstanced from those in the interior, which are influenced 
and controUed on every side by other partidea. But if we siq>- 
pose a cavity to exist within the mass, the particles bounding thai 
cavity will be in a state resembling that of the particles at the 
sur&ce ; and by the removal of all opposing action on one side^ 
the molecules may be liberated by a force whidi the surrounding 
mass has transmitted without pngudice to its solidity. Soppoe' 

* This of course refszs only to the lake ice examined as described. 
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ing, for example, that aoliditj is Hxnited by nkoleciilar Tibrationa 
of a certttin ampHtade, those at the snr&ce of the intenial caiity 
may exceed this limit, while those between the cavity and tiie ex- 
ternal snr&oe of the ice may, by their reciprocal actions, be pre- 
served within ft, just as the tenninal member of a series of elastic 
balls is detached by a force which hais been transmitted by the 
other members of the series without visible separation."** 

Where, hotrever, experiment is within reach we ought not to 
trust to ^peculation ; and I was partieiilaily anxious to obtain an 
mieqmvocal reply to the qnestion whether an interic^ portion •£ 
a mass of ice could be melted by heat which had passed through 
Ihe substance by the process of condueHan. A piece of Norway 
ice, containing a great number of the liquid disks already de- 
scribed, and several cells of air and water, was enveloped in tin- 
fi>il and placed in a mixture of |iounded ice and salt. A few 
minutes sufficed to freeze the disks to thin dusky circles, which 
appeared, in some cases, to be formed of concentric rings, and 
reminded me of the sections of certain agates. Looked at side- 
ways, these disks were no thicker than a fine line, llie water- 
cells were also frozen, and the associated air-bubbles were greatly 
diminished in size. I placed the mass of ice between me and a 
gas-light, and observed it through a lens : after some time the 
disks and water-cells showed signs of breaking up. The rings of 
the disks disappeared ; the contents deemed to aggregate so as to 
form laiger liquid spots, and finally, some of them were reduced 
to clear transparent disks as before. 

But an objection to this experiment is, that the ice may have 
t)een liquefied by the radiation frt>m the lamp, and I have experi- 
ments to describe which will show the justice of this objection. 
A rectangular slab, 1 inch thick, 8 inches long, and 2 wide, was 
therefore taken from a mass of Norway ice, in which the associat- 
ed air and water-ceHs were very distinct I enveloped it in tii^ 
foil, and placed it in a freezing mixture. In about ten minutes 
the water-blebs were completely frozen within the mass. It was 
immediately placed in a dark room, where no radiant heat could 
posdbly affect it, and examined every quarter of an hour. The 
dim firozen spots gradually broke up into little water parcels, and 

* Of course I intend this to help the oonoeption merely. 
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in two hoturfl the water-blebs were perfectly restored in the cenfro 
of the slab of ice. When last ezunined, this plate was half an 
inch thick, and the drops of liquid were seen right at its centre. 

A second piece, similarly fh>zen and wrapped up in flannel, 
showed the same deportment. In an hour and a lialf the frozen 
water surrounding the air-bubbles was restored to its liquid con- 
dition. Hence no doubt can remain as to the possibility of effect- 
ing lique&ction in the interior of a mass of ice, by heat which 
has imssed by eandtuHan through the substance without melting it. 
* I have already referred to the formation of the liquid cavities 
observed by M. Agassiz, when glacier ice was exposed to the sun. 
The same effect may be produced by exposure to a glowing coal 
fire. On the 21st and 32nd of November, I thus exposed plates 
of clear Wenham Lake ice, which contained some scattered air- 
bubbles. At first the bubbles were sharply rounded, and without 
any trace of water. Soon, howeyer, those near the sur&ce, on 
which the radiant heat fell, appeared encircled by a liquid ring, 

©which expanded and finally became crimped at its border, 
as shown in the adjacent figure. The crimping became 
more pronounced as the action was permitted to continue.* 
A second plate, crowded with bubbles, was held as near to the 
fire as the hand could bear. On withdrawing it, and examiniTig 
it through a pocket lens, the appearance was perfectly beautifuL 
In many cases the bubbles appeared to be surrounded by a series 
of concentric rings, the outer ring surrounding all the others like 
a crimped frill. 

I could not obtain these effects by placing the ice in contact 
with a plate of metal obscurely heated,t nor by the radiation from 
an obscure source. Indeed ice, as before remarked, is impervious 
to radiant heat from such a source.^ The rays from a common 

* The blebs obserred in glacier ice also exhibit this fonn: see fig. 8, 
plate 6, of the Atlas to the * SystSo^e Gladaire.' In fig. 18 we have also a 
close resemblance of the flower-shaped figures prodoced by radiant heat in 
lake ice. 

f To develope water-cavities within ice a considerable tune is neceasarj ; 
more time, indeed, than was sufficient to melt the entire piec^ of ice made 
use of in these contact experiments. 

X Hence the soundness of the ice under the moraines ; the sun^s rays 
are converted into obscure heat by the overlymg debris ; this only affects a 
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• 
flie also are wholly absorbed near the sai&ce upon which they 
gtiike, and hence the described internal lique&ction was confned 
to a thin layer dose to this snf&ce. 

Bat not only does liqae&ction occur in connection with the 
bubbles, but the * flowers,* already described as pro.duced by the 
solar beams, start by hundreds into existence, when a slab of 
transparent ice is placed before a glowing* coal fire. They, how- 
ever, are also confined to a thin stratum of the substance close to 
the surfiice of incidence. In the experiments made in this way, 
the central stars of the flowers were often bounded by sinuous 
lines of great beauty. 

The for^;oing considerations show that lique&ction takes 
place at the sur&ce of a mass of ice at a lower temperature than 
that required to liquefy the interior of the solid. At the surface 
the temperature 82** produces a yibration, to produce which, with- 
in the ice, would necessitate a temperature of ^'*+x; the incre- 
ment X being the additional temperature necessary to oyercome 
the resistance to liquefaction, arising from the action of the mole- 
cules upon each other. 

Now let us suppose two pieces of ice at 82°, with moistened 
iurfSu^ to be brought into contact with each other, we thereby 
virtually tran$fer the touching portions of these pieces from the sur» 
face to the interior , where 82 H- a; is the melting temperature. 
Liquefaction will therefore be arrested at those surfaces. Before 
being brought together, the surfaces had the motion of liquidity, 
but the interior of the ice has not this motion ; and as equilibrium 
will soon set in between the masses on each side of the liquid film 
and the film itself, the film will be reduced to a state of motion 
inconsistent with liquidity. In other toordSj U toiU he frozm^ omd 
mH eoment the two surfaces of ice hetwem tohich it is enclosed,* 

If I am right here, the importance of the physical principles 

kycr of mfinitesimal depth, and cannot produce the diontegration of the 
deeper ice, as the direct sunbeams can. 

* It is here implied that the contact of the moist surfaoes must be so 
perfect, or, in other words, the liquid film between them must be so thin, 
as to enable the molecides to act upon each other across it. The extreme 
tenuity of the film may be inferred from this. A thick plate of water 
within the ioe would facilitate rather than retard liquefaction. 
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inrolTBd Bxe sofBdimtly mudfett : if I am wrong, I 1m^ I hsve 
so ezpresBed myself as to render the ^etectioii of my eiror easy. 
Right or wrong, my aim lias been to giye as explicit otteraDce to 
my meaning as the saliject will admit oil 

§V. 

Mr. Faraday's ezperiments on the free&ng together of {te^ of 
ice at 82^ Fahr., and all of those xeoonnted in the paper pnUiahed 
by Mr. Huzky and myself; find Iheir explanation in the piiiK^les 
here laid down. The conyersion of snow into n^r^ and of is4if6 
into glacier, is pefhiqas the grandest illustration of the same prin- 
ciple. It has been, however, suggested to me tiiat the sticking 
together of two pieces of ice may be an act of cohesion, similar to 
that which enables pieces of wetted glass, and other similar 
bodies, to stick together. This is not the case. There is no slid- 
11^ motion possible to the ice. When contact is broken, it breaks 
with the snap due to the rupture of a solid. Glass and ice cannot 
be made to stick thus together, neither can glass and glass, nor 
alum and alum, nor nitre and nitre, at conimo]^ t^nperatures. I 
have, moreoyer, placed pieces of ice together over night and found 
them in the morning so rigidly firoaen together that when I sought 
to separate them, the sur&ce of firacture passed through one of 
them in prefiBrenoe to taking the surface of regelation. Many 
sagacious persons hare also suggested to me that the ice trans- 
ported to this country from Norway and Wenham Lake may poe- 
ribly retain a residue of its cold, sufficient to freeze a thin film 
enclosed between two pieces of the substance. But the fiM^ al- 
ready adverted to are a sufficient reply to this surmise. The ice 
experimented on cannot be'r^^arded as a magadne of cold, ^eeavm 
paredi <ifUg\M wO&r exkt mtkin U. 



LECTURE X, 

[Mardi 27, 1862.] 
iBsoBpnoii or beat bt oasxovs mutib— appasatvs emploted— iarlt 

DUnCVLTIXS — ^DLLTBXBMiJrCT OF AIK AKD Of ZEE TRAH8PAUDIT XLI- 
MKMTABT GASES — ^ATHERMAMCT (OPACITY) OP OLEPIAHT OAS JOXD OP THE 
COMPOUND OASES — ^ABSORPTION OP EADIANT HEAT BT TAPOUBS — BAOIA- 
TION OP HEAT B^ OASES — RECIPB0CIT7 OP RADIATION AND ABSORPTION 
— INFLUENCE OP MOLECULAR CONSTITUTION ON THE PASSAGE OP RA- 
DLANT HEAT. 

IK our last lecture we ^pcamined the diathermancy, or 
transparency to heat, of solid and li<piid bodies ; and we 
then learned, that closely as the atoms of snch bodies are 
padi:ed together, the interstitial spaces between the atoms 
aflford, in many cases, free play and passage to the ethereal 
nndnlations, which were transmitted without sensible hin- 
drance among the atoms. In other cases, however, we 
found that the molecules stopped the waves of heat which 
impinged upon them; but that in so doing, they them- 
selves became centres of oscillation. Thus we learned that 
while perfectly diathermic bodies allowed the waves of 
heat to pass through them without suffering any change of 
temperature, those bodies, which stopped the calorific flux 
became heated by tiie absorption. Through ice, itself^ we 
sent a powerful calorific beam ; but as the beam was of 
such a quality as not to be intercepted by the ice, it passed 
through this highly ftnsitive substance without melting it. 
We have now to deal with gaseous bodies ; and here the 
interatomic iq)aces are so vastly augmented, the molecules 
15 
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are bo completely released from all mutual ^tanglem^it, 
that we should be ^Jmost justified in oonolucUiig that gases 
and vapours famish a perfectly open door for the passage 
of the calorific waves. This, indeed, until quite recently, 
was the universal belief, and the conclusion was verified by 
such experiments as had been made on atmospheric air, 
which* was found to give no evidence of absorption. 

But each succeeding year augments our experimental 
powers ; our predecessors were often obliged to fight with 
flints, where we may use swords, and hence the ocmflict 
with Nature is not decided by their discomfiture. Let us, 
then, test once more the diathermancy of atmospheric air. 
We may make a preliminary essay in the^ following way : 
I have here a hollow tin cylinder a b (fig. 89), 4 feet long, 
and nearly 3 inches in diameter, through which we may 
send our calorific rays. We must, however, be able to com- 
pare the passage of the rays jJirough the air, with thdr 
passage through a vacuum, and hence we must have some 
means of stopping the ends of our cylinder, so as to be 
able to exhaust it. Here we encounter our first experi- 
mental difficulty. As a general rule obscure heat is mora 
greedily absorbed than luminous beat, and as our object is 
to make the absorption of a highly diathermic body saisi- 
ble, we are most likely to effect this object by employing 
obscure heat. • 

Our tube, therefore, must be stopped by a substance 
which permits of the free passage of such heat. Shall we 
use glass for the purpose ? An inspection of the table at 
page 311 shows us, thiit for such rays plates of glass would 
be perfectly opaque ; we iij^ght as well stop our tube witfa 
plates of metal. Observe here how an iovestigator's results 
are turned to account by his successors. IVom one experi- 
ment buds another, and science gro^by the continual deg- 
radation of ends to means. Had not Melloni discovered 
the diathermic properties of rocksalt, we should now be ut- 
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terly at a loss. For a time, however, I was extremely ham- 
pered by the difficulty of obtaLoiiig plates of salt suffidently 
large and pore to stop the ends of my tube. But a scientific 
worker does not long lack help, and, thanks to such friend- 
ly aid, I have here plates of this precious substance which, 
by means of these caps, I can screw air-tight on to the ends 

rig. 89. 




of my cylinder.* You observe two stopcocks attached to 
the cylinder ; this one, c, is connected with an air-ppnp, by 



* At a time when I waa greatly in need of a supply of rocksalt, I stated 
my wants .in the ' Fhiloflophical Magazine/ and met with an inmiediate re- 
flponse from Sir John HerscheL He sent me a block of salt, accompanied 
by a note, from which, as it refers to the purpose for which the salt was 
or^inally designed, I will make an extract. I have not yet been able to 
examine the extremely remarkable point to which the eminent writer di- 
rects my attention. I am also greatly indebted to Dr. Szabo, the Hunga- 
rian CommiflsiGner to the International Exhibition, by whom I have been 
lately raised to comparatiTo opulence, as regards the possession of rocksalt. 
To the Messrs. Fletcher, of Northwich, and to Mr. Corbett, of Bromff- 
grove, my best thanks are also due for their obliging kindness. 

Here follows the extract from Sir J. HerschePs note : — * After the publi- 
oation of my paper in the Phil. Trans., 1840, 1 was very desirous to disen- 
gage myself from the influence of gkss prisms and lenses, and ascertain, if 
possible, whether in reality my ululated heatspots /97 8 c In the spectrom 
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whioh the tabe can be exhauBted ; while through tiiis other 
one, c', I can allow air or anj other gas to enter the tube. 

At one end of the cylinder I place this Leslie's cube c, 
containing boiling water ; and which is coated with lamp- 
black, to augment its power of radiation* At the oUier end 
of the cylinder stands our thermo-eleotric pile, from which 
wires lead to the galvanometer. Between the end of the 
cylinder and the source of heat I have introduced a tin 
screen, t, which, when withdrawn, will allow the calorific 
rays to pass through the tube to the pile. We first exhaust 
the cylioder, then draw the screen a little aside, and now 
the rays are traversing a vacuum and falling iqpon the pile. 
The tin screen, you observe, is only partially withdrawn, 
and the steady deflection produced by the heat at present 
transmitted is 30 degrees. 

Let us now admit dry air : I can do so by means of the 
cock c', from which a piece of flexible tubing leads to the 
bent tubes u, v\ the use of which I will now explain ; u is 
filled with fragments of pumice stone moistened with a so- 
lution of caustic potash ; it is destined to withdraw what- 

were of solar or terrestial origin. Kocksalt wbs the obvioua resource, ajtid 
alter many and fruitless endeavours to obtain suflSciently lai^ and pave 
specimens, the late Dr. Somerrille was so good as to send me (as I under- 
stood from a friend in Chediire) the very fine Uock which I now forward. 
It is, however, much cracked, but I have no doubt pieces lai*ge enou^ fbr 
lenses and prisms (especially if cemented togethef ) might be got from it. 

* But I was not prepared for the working of it— evidently a very delicate 
and difficult process, (I proposed to dissolve off the comers, &c., and,.as it 
were, lick it into shape) and though I have never quite lost ogfat of the 
matter, I have not yet been able to do anything wi& it : meanwhile, I pot 
it by. On looking at it a year or two after, I was dismayed to find it had 
lost mudi by deliquescence. Aocordin^y, I potted it up in salt &i an 
earthen dish, with iron rim, and placed it on an upper shelf in a room with 
an Amott stove, where it has remained ever mnoe. 

' If you should find it of any use I would ask you, if poesiUe, to repeat 
my experiment as described, and settle that point, whidibas always stradL 
me as a veiy important one.' 
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ever caAonid acid may bex^ntained in the wr ; XT' is a sim- 
ilar tube, filled with fir^ments of pumice stone moistened 
with snlphnrio acid ; it is intended to absorb the aqueous 
Tapoor of the air. Thus the air reaches the cylinder de- 
prived both of its aqueous vapour and its carbonic acid. It 
is now entering, — ^the mercury-gauge of the pump is de- 
scending, and as it enters I would b^ of you to observe 
the needle. If the entrance of the air diminish the radia- 
tion through the cylinder — ^if air be a substance which is- 
competent to destroy the waves of ether in any sensible 
degree — ^this will be declared by the diminished deflection 
of the galvanometer. The tube is now full, but you see no 
diange in the position of the needle, nor could you see any 
change even if you were close to the instrument. The air 
tiius examined seems as transparent to radiant heat as the 
vacuum itself. 

By ohkDging the screen I can alter the amount of heat 
falling upon the pile ; thus, by withdrawing it, I can cause 
the needle to stand at 40°, 60°, 60°, 70° and 80° in succes- 
sion ; and while it occupies each position I can repeat the 
e:q>eriment which I have just performed before you. In 
no instance could you recognize the slightest movement of 
the needle. The sam6 is the case if I push the screen for- 
ward, so as to reduce the deflection to*20 and 10 degrees. 

The experiment just made is a question addressed to 
Nature, and her silence might be construed into a negative 
reply. But a natural philosopher must not lightly accept a 
negative, and I am not sure that we have put our question 
in tke best possible language. Let us analyse what we 
have done, and first consider the case of our smallest de- 
flection of 10 degrees. Supposing that the air is no^ per- 
fecdy diathermic ; that it really intercepts a small portion 
— say the thousandth part of the heat passing through the 
tube— that out of every thousand rays it struck down one ; 
should we be able to detect this execution ? This absorp- 
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tioD, if it took place, would lower the deflection the thou- 
sandth part of ten degree, or the hundredth part of one 
degree, a diminntion which it would be impossible for you 
to see, even if you were clos^ to the galvanometer.* In 
the case here supposed, the total quarUity of hecU /aUinff 
vpon the pile is so inconsiderable^ that a smaU fraction of 
it J even \f ahsorbedj >night well escape detection. 

But we have not confined ourselves to a small quantity 
of heat ; the result was the same when the deflection was 
80° as when it was 10°. Here I mufit ask you to sharpoi 
your attention and accompany me, for a time, over radier 
difficult ground. I want now to make clearly intelligible 
to you an important peculiarity of the galvanometer. 

The needle being at zero, let us suppose a quantity of 
heat to fall upon the pile, sufficient to produce a deflecti<»i 
of one degree. Suppose that I afterwards augment the 
quantity of heat, so as to produce deflections of two de- 
grees, three degrees, four degrees, five degrees; I then 
know that the quantities of heat which produce these de- 
flections stand to each other in the ratios of 1 : 2 : 3 : 4 : 5 ; 
the quantity of heat which produces a deflection of 6° be- 
ing exactly five times that which produces a deflection of 
1°. But this proportionality exists only so long as the de- 
flections do not exceed a certun magnitude, ("or, as the 
needle is drawn more and more aside from zero, the cur- 
rent acts upon it at an ever augmenting disadvantage. 
The case is illustrated by a sailor working a capstan ; he 
always applies his strength at right angles to the lever, 
for, if he applied it obliquely, only a portion of that strength 
would be effective in turning the capstan round. And in 
the case of our electric current, when the needle is very 
oblique to the current's direction, only a portion of its force 

*It will be borne in mind that I 'am here speaking of ^o/voitofiM^ric 
not of ihermomefrie decrees. 
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is efEeothre in moving the needle roimd. Thns it happens, 
that though the quantity of heat may be, and, in our case, 
w, accurately expressed by. the strength of the current 
which it excites, still the larger deflections, inasmuch as 
they do not give us the action of the whole current, but 
only of a part of it^ cannot be a true measure of the 
amount of heat falling upon the pile. 

The galvancmieter now before you is so constructed 
that the angles of deflection, up to 30° or thereabouts, are 
ji^oportional to the quantities of heat ; the quantity neces- 
sary to move the needlp from SO'' to 31° is nearly the same 
as that required to move it from 0° to 1°. But beyond 30° 
the proportionality ceases. The quantity of heat required 
to move the needle from 40° to 41° is three times that ne- 
cessary to move it from 0° to 1° ; to deflect it from 50° to 
51° requires five times the heat necessary to move it from 
0° to 1° ; to deflect it from 60° to 61° requires about ten 
times the heat necessary to move it from 0° to 1° ; to de- 
flect it from 70° to 71° requires nearly twenty times, while 
to move it from 80° to 81° requires more.than fifty tunes 
the heat necessary to move it from 0° to 1°. Thus, the 
higher we go, the greater is the quantity of heat represent- 
ed by a degree of deflection ; the reason being, that the 
force which then moves the needle is only a fraction of the 
force really circqlating in the wire, and hence represents 
only ^ fraction of the heat falling upon the pile. 

By a certain process, which I will not stop here to de- 
scribe,* I can express the higher degrees in terms of the 
lower ones; I thus learn, that while deflections of 10°, 20°, 
30°, respectively, express quantities of heat represented by 
the numbers 10, 20, 30, a deflection of 40° represents a 
quantity of heat expressed by the number 47 ; a deflection 
of 50° expresses a quantity of heat expressed by the num^ 

* See Appendix to Lecture X. ^ 
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ber 80 ; while the defleetions 00% ?0°, 80^, exj^ress qnaih 
tildes of heat which inorease in a mach more rapid ratio 
than the deflecdcms themselves. 

What is the npshot of this analysis ? It will drive ns, 
I think, to a better method of questioning Nature. It leads 
to the reflection that, when we make onr angles^mo^?, the 
quantity of heat falling on the pile is so inconsiderable, that 
even if a fraction of it were absorbed, it might escape de- 
tection ; while, if we make our deflections large, by em- 
ploying a powerful flux of heat, the needle is in a position 
from which it would require a considerable addition or 
abstraction of heat, to move it. The 1,000th part of the 
whole radiation in the one case would be too small, abso- 
lutely, to be measured ; the 1,000th part in the other case 
might be something considerable, without, however, being 
considerable enough to aflect the needle in any sensible de- 
gree. Whep, for example, the deflection is over 80"^, an 
augmentatioQ or diminution of heat, equivalent to 15 or 20 
of the lower degrees of the galvanometer, would be scarce- 
ly measurable. 

We are now face to fSsuse with our problem; it is this, 
to work with a flux of heat so large that a small fractional 
part of it will not be infinitesimal, and still to keep our 
. needle in its most sensitive position. If we can aocom- 
Q^sh this we shall augment indefinitely our experimoital 
power. If a fraction of the heat, however small, b% inter- 
cepted by the gas, we can auf^ment the ab$ohtte v<due of 
thatfrcusHon by dugmerUing the total of which it is a fiao 
tion. 

The problem, happily, admits of an effective practical 
solutiop. You know that when we allow heat to fall upon 
.the opposite faces of the thermo-electric pile, the currents 
generated neutralise each other more or less ; and, if the 
quantities of heat falling upon the twa faces be perfectiy 
equal, the neutralisation is complete. Our galvanometer 
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needle is now deflected to 80^ by the flux of beat passing 
throogb tbe tube ; I nnoover tbe second face of the pile, 
famish it witb its conical reflector, and place a Becond cube 
of boiling water in front of it ; the needle, as you see, de- 
scends instantly. 

By TffsaiB of a proper adjusting screen I can so regulate 
the quantity of heat falling upon the posterior face of the 
pile, that it shall exactly neutralise the heat mcident upon 
its other face : this is now effected ; and the needle points 
to asero. 

Here, then, we have two powerful and perfectly equal 
flaxes of heat, falling upon the opposite faces of the pile, 
one of whidi passes through our exhausted cylinder. If I 
allow air to enter the cylinder, and if this air exert any ap- 
predaUe action upon the rays of heat, the equality now 
existing will be destroyed ; a portion of the rays passing 
throc^fa the tube being struck down by the air, the second 
source of heat will triumph ; the needle, now in its most 
sensitivo position, will be deflected ; and from the nu^ni- 
tude of the deflection we can accurately calculate the ab- 

I hare thus sketdied, in rough outline, the apparatus by 
which our researches on the relation of radiant heat to 
gaseous matter must be conducted. The necessary tests 
are, however, at tiie same time so powerful and so delicate, 
that a rough apparatus like that just described would not 
answer our purp^pe^ But you will now experience no diffi- 
culty in comprehending the construction and application of 
the more perfect apparatus, with which the experiments on 
gaseous absorption and radiation have been actually made. 
See Plate L, at the end of the volume. 

Between s and s' stretches the estpenmenUd eylinder^ a 

hollow tube of brass, polished within ; at s, and s', are the 

plates of rock salt which dose the cylinder air-tight ; the 

length from s to s', in the experiments to be first recorded, 

16* 
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ifl 4 feet o, the sonroe of heat, is a cube of oast copper, 
filled with water, which -is kept continually boiling by the 
lamp L. Attached to the cnbe c by brazing is the short 
cylinder f, of the same diameter as the experimental cylin- 
der, and capable of being connected air-tight with the lat- 
ter at s. Thus between the source c and the end^' of the 
experimental tube, we have the front ch/zmber p, from 
which the air can be removed, so that the rays from the 
source will enter the cylinder s s' unsifted. To prevent 
the heat from the source c passing by conduction to the 
plate at s, the chamber f is caused to pass through the 
vessel V, in which a stream of cold water continually circu- 
lates, entering through the pipe 1 1, which dips to the bot- 
tom of the vessel, and escaping through the waste-pipe e e. 
The experimental tube and the front chamber are connect- 
ed, independently, with the air-pump a a, so that either of 
them may be exhausted or filled without interfering with 
the other. I may remark that in later arrangements the 
experimental cylinder was supported apart from the pump, 
being connected with the latter by a flexible tube. The 
tremulous motion of the pump, which occurred when the 
connection was rigid, was thus completely avoided. 

p is the thermo-electric pile, placed on its stand at the 
end of the experimental tube, and furnished with its two 
conical reflectors, c' is the compensating cube^ used to 
neutralise the radiation from c ; h is the ndfusUng screen^ 
which is capable of an exceedingly fine Action to and fro. 
N N is a delicate galvanometer connected with the pile p, 
by the wires to vs'. The graduated tube o o (to tiie right 
of the plate), and the appendage m k (attashed to the cen- 
tre of the experimental tube) shall be referred to more par- 
ticularly by and by. 

I should hardly sustain your interest in stating the diffi- 
culties which at first beset the investigation conducted with 
this apparatus, or the numberiess precautions which the 
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exact balanciag of, the two pow^rfql sooroefl of heat, here 
Tesorted to, rendered necessary. I believe the experiments 
made with atmospheric air alone might be numbered by 
tens of thousands. Sometimes for a week, or even for a 
fortnight, coincident and satisfactory results would be ob- 
tained; ihe strict c(mditions of accurate experimenting 
would appear to be found, when an additional day's ex- 
perience would destroy die superstructure of hope, and ne- 
cessitate a recommencement, under changed conditions, of 
the whole enquiry. It is this which daunts the experi- 
menter ; it is this preliminary fight with the entanglements 
of a sulject, so d^rk, so doubtful, so uncheering ; without 
any knowledge whether the conflict is to lead to anything 
worth possessing, that renders discovery difficult and rare. 
But the experimenter, and particularly the young experi- 
menter, ought to know, that as regards his own mond man- 
hood, he cannot but win if he only contend aright. Even with 
a negative result, the consciousness that he has gone fair- 
ly to the bottom of his subject, as far as his means allowed 
— ^the feeling that he has not shunned labour, though that 
labour may have resulted in laying bare the nakedness of 
his case — ^reacts upon his own mind, and gives it firmness 
for future work. 

Bat to return.;?— I first neglected atmospheric vapour 
and carbonic acid altogether, concluding, as others did 
afterwards, that the quantities of these substances being 
so small, their effect upon radiant heat must be quite in- 
appreciable ; after a time, however, I found this assump- 
tion leading me quite astray. J first used chloride of cal- 
cium as a drying agent, but had to abandon it. I next used 
pumice stone moistened with sulphuric acid, and had to 
give it up also. I finally resorted to pure glass broken to 
small fragments, wetted with sulphuric acid, and inserted 
by means of a funnel into a XT tube. I found this arrange- 
ment best, but even here the greatest care was needed. It 
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was neoeesary to cover eaoh column with a layer of dry 
glass firagments, for I found that the smallest particle of 
^ost from the oork, or a quantity of sealing wax not mor^ 
than the twentieth-part of a pin's head in size^ was quite 
sufficient, if it reached the acid, to vitiate the results. The 
drying-tubes moreover had to be frequently changed, as 
the organic matter of the atmosphere, infinitesimal though 
it was, soon introduced disturbance. 

To remove the carbonic acid, pure Carrara marble was 
broken into fragments, wetted with caustic potash, and in- 
troduced into a XT tube. These, then,. are the agents for 
drying the gas and removing the carbonic acid which are 
used at present ; but previous to their final adoption, I em- 
ployed, to dry the air, the arrangement shown in Plate L, 
where the glass tubes marked t y, each three feet loi^ 
were filled with chloride of calcium, after which were 
placed two U tubes b z, filled with pumice stone and sol- 
phurio acid. Hence, the air, in the first place, had to pass 
over 18 feet of chloride of calcium, and afterwards through 
the sulphuric acid tubes, before it entered the experimental 
tube s s'. A gas-holder, g g, was employed for other 
gases than atmospheric air. In the investigation on which 
I am at present engaged, this arrangement, as I have said, 
is abandoned, a simpler one being found more effectual. 

My assistant has now exhausted both the front chamber 
F and. the experimental tube s s'. The rays are passing 
from the source o through the front chamber ; across the 
plate of rocksalt at s, through the experimental tube, across 
the plate at s', afterwards impinging upon the anterior sur- 
face of the pile P. This radiation is neutralised by that 
from the compensating cube o'. The needle, you will ob- 
serve, is at zero. We wiU commence our experiments by. 
applying this powerful test to dry air. It is now entering 
the experimental cylinder ; but, at your distance, you see 
no motion of the needle, and thus our more powerful mode 
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of experiment £Edls to detect any abBorption on the part of 
the air. Its atoms, apparently, are incompetent to shatter 
a single calorific wave ; it is a practical vacuum as regards 
Ae raps of heat. Were you quite nearj however, you 
would see a deflection of the needle amounting to about 
one degree. Oxygen, hydrogen, and nitrogen, when care- 
fully purified, exhibit the action of atmospheric air ; they 
are almost neutral. * 

But the neutral quality of .atmospheric air was thought 
to extend to transparent gases generally. Let us see 
whether this is correct. I have here a gas-holder of defiant 
gas,— <iommon coal gas would also answer my purpose. I 
discharge a little of the defiant gas in the air, but you see 
nothing; the gas is perfectly transparent. The experi- 
jooental tube is exhausted, and the needle points to zero ; 
and now we wiU allow the defiant gas to enter. Observe 
the effect. The needle moves in a moment ; the transpar- 
ent g^ strikes down the rays wholesale — ^the final and per- 
manent deflection, when the tube is full, amounting to- 70 
degrees. 

•I win now interpose a metal screen between the pile p 
and tiie aid s' of the experimental tube, thus entirely cut- 
ting off the radiation through the tube. The face of the 
pile turned towards the metal screen wastes its heat speed- 
ily by radiation ; it is now at the temperature of this 
room, and the radiation from the compensating cube alone 
acts on the pile, producing a deflection of 75 degrees. But 
at the commencement of the experiment the radiations &om 
both cubes were equal, hence the deflection 15° corresponds 
to the total radiation through the experimental tube, when 
the latter is exhausted. 

Taking as unit the quantity of heat necessary to move 
the needle from 0° to 1**, the number of units expressed by 
a deflectiou of lb"" is 

360. 
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Hie number of raiita expreflsed by a defleetion of 10"" is 
290. 

Out of a total, therefore, of 860, olefiant gas has strudc 
down 290 ; tiiat is about seven-ninths of the whole, <Mr 
about 81 per cent. 

Does it not seem to you as if an opaque layer had been 
suddenly precipitated on our plates of salt, when the gas 
entered? The substance, however, deposits no such la^r. 
I discharge a current of the dried gas agsunst a polished 
plate of salt, but you do not perceive the slightest dimness. 
The rocksalt plates, moreover, though necessary for exact 
measurements, are not necessary to show the destructive 
powers of this gas. Here is an open tin cylinder whidi I 
interpose between the pile and our radiating source; I 
force olefiant gas gently iato the cylinder from this gas- 
holder and you see the needle fly up to its stops. Observe 
the smallness of the quantity of gas which I shall next use. 
I cleanse the open tube by forcing a current of air through 
it ; the needle is now at zero ; and I wiU simply turn this 
cock on and offj as speedily as I can. A mere bubble of * 
the gas enters the tube in this brief interval ; still you see 
that its presence causes the needle to swing to 70**. I next 
abolish the open tube, and leave nothing but the free air 
between the pile and source ; from the gasometer I dis- 
charge olefiant gas into this space. You see nothing in the 
air, but the swing of the needle through an arc of 60** de- 
clares the presence of this invisible barrier to the calorific 
rays. 

Thus, it is shown that the ethereal undulations whidi 
glide among the atoms of oxygen, nitrogen, and hydrogen, 
without hindrance, are powerftdly absorbed by the mole- 
cules of olefiant gas. We shall find other transparent gases 
also almost unmeasurably superior to air. We can limit at 
pleasure the number of the gaseous atoms, and thus vary 
the amount of destruction of the ethereal waves. In this 
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respect gadeous bodies possess a great adyantage over 
liqmds and sotids, in experiments <m radiation. Attached 
to the air-pump is a barometric tube, bj means of which I 
can admit measured portions of the gas. The experimen- 
tal cylinder is now exhausted, and turmng this cock slowly 
on, and observing the mercury gauge, I allow the defiant 
gas to enter, till the mercurial column has been depressed 
an inch. I observe the galvanometer and read the deflec- 
tipn. Determining thus the absorption produced by one 
inch, another inch is added, and the absorption effected by 
two inches of the gas is determined. Proceeding thus we 
obtain for tensions from 1 to 10 inches the following ab- - 
sorptions : — 



( 


Ol^UxnJt, Gas. 




Tendons 


InftDclMs Abeorption 


1 . . . .90 


2 








123 


8 








142 


4 








167 


6 








168 . 


6 








177 


7 








182 


• 8 








186 


9 








. 190 


10 








198 



The unit hete used is the amount of heat absorbed 
when a wTioU atmosphere of dried air is allowed to enter 
the tube. The table, for example, shows th*at one-thirtieth 
of an atmosphere of defiant gas exercise ninety times the 
absorption of a whole atmosphere of air. 

The table also informs us that each additional inch of 
defiant gas produces less destruction than the preceding 
one. A single inch, at the commencement, strikes down 
90 rays, but a second inch strikes down only 33, while the 
addition of an inch, when nine inches are abeady in the 
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tube, effidcts the destruction of only 3 rays, llus is whi^ 
might reasonably be expected. The number of rays emit- 
ted is finite, and the discharge of the first inch of olefiant 
gas amongst them has so thinned their ranks that the exe- 
cution produced by the second inch is naturally less than 
that of the first This execution must i^imminh^ as- the 
number of rays capable of being destroyed by the gas, ben 
comes less ; until, finally, all absorbable rays being removed, 
the residual heat would pass through the gas unimpeded. 

But supposing the quantity of gas first introduced to be 
so inconsiderable, ihaX the number of rays extinguished by 
it is a vanishing quantity, compared with the total number 
capable of being destroyed, we might th^i reasonably ex- 
pect that, for some time at least, the quantity of execution 
done would Ji)e proportional to the quantity of gas present 
That a double quantity of gas would produce a double 
effect, a treble quantity a treble effect; or, in general 
terms, that the absorption would, for a time, be found pro 
portional to the density. 

To test this idea we will make use of a portion of the 
apparatus omitted in the general description, o o (Plate 
I.) is a graduated glass tube, the end of which dips into the 
basin of water b. The tube is closed above* by means of 
the stopcock r ; ddiasL tube containing fragments of dilo- 
ride of calcium. The tube o i^first filled with water up 
to the cock r, and the water i& afterwavds careAilly dis- 
placed by olefiant gas admitted in bubbles firom below. 
The gas is admitted into the experimental cylinder by the 
cock r, and as it enters, the water rises in o o, each of 
whose divisions represents a volume of ^V^ of a cubic indu 
Successive measui%s of this capadty are permitted to ent^* 
the tube, and the absorption in each particular case is de- 
termined. - - 

In the following table the first odunm contains the 
<iuantity of 'gas admitted into the tube ; the second coi^ 
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tains the corresponding absorption ; the third cohunn con- 
tains the absorption, calculated on the supposition that it is 
proportional to the density. 





Ol^rU Oas. 






Unit measure ^tb of a oabic loeh. 




Absorption. 


BCcasares of Gaa. Obserred. 


CalcnlAted. 


1 


2-2 


. . 2-2 


2 


4-6 


4-4 


8 


6-6 


6-6 


4 


8-8 


8-8 


5 


. 110 


. 11-0 


6 


. 120 


. 18-2 


7 


. 14-8 


. 16.4 


8 


. 16-8 


. ire 


9 


•.. 19-8 


. 19-8 


10 


. 220 


. 220 


11 


. 240 


. 24-2 


12 


. 26-4 


. 26-4 


18 


. 29-0 . 


. 28-6 


U 


. 80-2 


. 29-8 


IS 


. 83-6 


. 830 



This table proYes the correctness of the surmise, tiiat 
when yerj smsJl quantities of the gas are employed, the 
absorption is sensibly proportional to the density. But 
consider for a moment the tenuity of the gas with which 
we have here operated. «The volume of our experimental 
tube is 220 cubic inches ; imagine 3',th of a cubic inch of 
gas diffused in this space, and you have the atmosphere 
through which the calorific rays passed in our first experi- 
ment. This atmosphere possesses a tension not exceeding 
T riirv^ ^^ ^^t of ordinary air. It would depress tiie mer- 
curial colunui connected with the air-pnmp not more than 
^l^fth of an English inch. Its action, however, upon the 
calorific rays i9 perfectiy measurable^ 

But the absorptive energy of defiant gas, extraordinary 
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Fig. 90. 



88 it is ehown to be by the foregoing experiments, is ex- 
ceeded by that of various vapours, the action of which I 
will now endeavour to illustrate. Here is a glass flask, g 
(fig. 90), provided with a brass cap, into which a stopcock 
can be screwed air-tight. I pour a small quantity of sul- 
phuric ether into the flask, and completely re- 
move, in the first place, the ur which fills the 
flask above the liquid. I attach the flask to 
the experimental tube, which is now exhaust- 
ed — ^the needle pointing to zero — ^and permit 
the vapour from the flask to enter the experi- 
mental tube. The mercury of the gauge 
sinks, and now that it is depressed one inch I 
will stop the further supply of vapour. The 
moment the vapour entered, the needle moved, 
and it now points to 65°. I can add another 
mch, and again determine the absorption, a 
third inch and do the same. The absorptions 
eflected by four inches, introduced in this way, are given in 
the following table. For the sake of comparison I place 
the corresponding absorptions of defiant gas in the third 
column. 

Sulphuric Mher. 




T«n8lozis 
iniiiehe& 

I 


AbeorpUon. 
. 214 


Gorreepondlnff absorptioii 
ofOlefUatOtt. 

90 


2 . 

8 

4 


. 282 , 
. 815 
. 830 


128 
142 
164 



For these tensions the absorption of radiant heat by the 
vapour of sulphuric ether is about two and two-third times 
the absorption of olefiant.gas. There is, moreover, no pro- 
portionality between the quantity of vapour and the ab- 
sorption. 

But reflections similar to those which we have already 
applied to defiant gas are also applicable to the ether. 
Supposing we make our unit measure small enough, the 
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number of rays first destroyed will vanish in comparison 
with the total rnnnber, and, for a time, the feet will proba- 
bly manifest itself, that the absorption is directly propor- 
tional to the density. To examine whether this is the case, 
the other portion of the apparatus, olnitted in the general 
description, was made nse of. k is one of the small flaibks 
already described, with a brass cap,, which is closely 
screwed on to the stopcock c\ Between the cocks c'^ and 
c, which latter is connected with the experimental tube, js 
the chamber m, the capacity of which was accurately deter- 
mined. The flask k was partially fiUed with ether, and the 
air above the liquid removed. The stopcock c' being shut 
off and e turned on, the tube s s' and the chamber ic are 
exhausted. The cock c is now shut o% and c' being turned 
on, the chamber m becomes filled with pure ether vapour. 
By taming c' off and c on, this quantity of vapour is allow- 
ed to dii9fuse itself through the experimental tube, where 
its absorption is determined ; successive measures are thus 
sent into the tube, and the effect produced by each is noted. 
In the following table the unit measure made use of had 
a volume of t}?^ ^^ & cubic inch. 

Sulphurie Mher. 

Absorption. 



MeMorw. 








Obserred. Caleal«ted. 


1 


6-0 .... 4-6 


a 








. 10-8 








9-2 


4 








19-2 








18-4 


5 








24-5 








280 


6 








29-5 








. 270 


1 








34-5 








. 82-2 


8 








88-0 








86-8 


9 








44-0 


. 






. 41-4 


10 








46-2 








4fc2 


11 








60-0 








60-6 


12 








62-8 








66-2 


18 








660 








69-8 


14 








57-2 








64-4 


15 








69-4 








69-0 
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We here find that the proportion between density and 
absorption holds sensibly good for the first eleven measures, 
after which the deviation firom proportionality gradually 
angments. 

No doubt, for smaller measures than j^^iii of a cubic 
inch the above law holds still more rigidly true ; and in 
a suitable locality it would be easy to determine, with per- 
fect accuracy, ^th of the absorption produced by the first 
measure ; this would correspond to Ti^^th of a cubic inch 
of vapour. But, before entering the tube, the vapour had 
only the tension due to the temperature of the laboratory, 
namely 12 inches. This would require to be multiplied by 
2*5 to bring it up to that of the atmosphere. Hence the 
T^^th of a cubic iach would, on being diffused through a 
tube possessing a capacity of 220 cubic inches, have a ten- 
sion of j\^XTi^Xji\j='sz^v^9^ o^^^ atmosphere I 

These experiments with ether and defiant gas show that 
not only do gaseous bodies, at the ordinary tension of the 
atmosphere, offer an impedim^t to the transmission of ra- 
diant heat ; not only are the interstitial spaces of such gases 
incompetent to allow the ethereal undulations free passa^i 
but, also, that their density may be reduced vastly below 
that which corresponds to the atmospheric pressure, and 
still the door thus opened is not wide enough to let the un- 
dulations through* There is something in the constitutioa 
of the individual molecules, thus sparsely scattered, which 
enables them to destroy the calorific waves. The destruc- 
tion, however, is merely one of form ; there is no absolute 
loss. Through dry air the heat rays pass without sensibly 
warming- it; through defiant gas and ether vapour. they 
cannot pass thus freely ; but every wave withdrawn from 
the radiant sheaf produces its equivalent motion in the body 
of the absorbing gas, and raises its temperature. It is a 
case of transference, not of annihilation. I might ezt^d 
the experiments, to all available volatile Uquids, and show 
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yon that the same rule holds good for the vapours of 

Before changing the source of heat here made use of, I 
wish to direct yonr attenticm for a moment to the action 
of a few of the permanent gases on radiant heat. To 
measore the quantities introduced Into the experimental 
tube, the mercury gauge of the air-pnmp was made use of. 
In the case of carbonic oxide, the following absorptions 
correspond to the tensions annexed- to them, the action of 
» fidl atmosphere of air, which, as yon remember, ^rodtices 
a deflection of 1% beiiig taken as unit ly 
Carbonie Oxide. 

Absorption. 
Texulon 
InlnehML 

0.5 

10 

1-5 

20 

M 

^•0 

S-6 

As in former cases, the third column is calculated on the 
assumption that the absorption is' directly proportional to 
the den8ityj[>f the gas ; and we see that for s^en measures, 
or up to a tension of 3*5 inches, the proportionality holds 
strictiy good. But for large quantities this is not the case ; 
wh^ for instance, the unit measure is 5 inches, instead of 
half-an-inch, we obt^ the following results : 

Absorption, 



Obserred. 


Qdculftied. 


2-5 


2-6 


5-6 


50 


80 . . 


. 1-6 


10-0 


. 10-0 


12-0 • 


12-5 


150 


. 15-0 


n-5 


. 17-5 



Tension 
ininchefl. 








Obserred. 




CalcnUted. 


6 


• 


• 


• 


IS . 


. 


18 


10 . 


. 


. 


, 


82-6 


. 


. 86 


15 


, 


, 


, 


45 . . . 


, 


54 



The case of carbonic oxide is therefore similar to that of 
ol^ant gas. Carbonic acid, sulphide of hydrogen, nitrous 
oxide, and other gase?, though diffi^ring in the energy of 
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their absorption, and all of them exceeding carbonic oxide, 
exhibit, when small and large' quantities are used, a similar 
deportment towards radiant heat 

Thus, then, in the case of some gases, we find an almost 
absolute incompetence on the part of their atoms to be 
shaken by the Cereal wares. They remain practically at 
rest wben the midnlations speed amongst them, while the 
at<»ns of other gases, stmck by these same nndnlations, ab- 
sorb their motion, and become themselyes centres of heat. 
We loLa,^ now to examine what gaseous bodies are compe- 
tent to do in, this latter capacity; we have to enquire 
whether these atoms and molecules, which can accept mo- 
tion from the ether in such very different degrees, are not 
also characterised l>y their competency to impart motion 
to the ether in different degrees; or, to use the common 
language, having learned something of the power of differ- 
ent gases, as absorbers of radiant heat, we have now to en- 
quire into their capacities as radiators* 

I have here an arrang^oient, by means of which we can 
put the necessary question, which has hitherto received 
only a negative reply, p (fig. 91) is the thermo-electric pile 
with its two conical reflectors ; s is a double screen of pol- 
ished tin; A«s an argand burner, consisting of two concen- 
tric perforated rings ; o is a copper ball, which, during the 
experiments, is heated under redness ; while the tube t t 
leads to a gas holder. When the hot ball c is placed on 
the burner it warms the air in contact with it ; an ascend- 
ing current is thus established, which, to some extent, acts 
upon the pile. To neutralise this action a large Leslie^s 
cube, L, filled with water, a few degrees above the air in 
temperature, is placed before the opposite face of the pile. 
The needle being thus brought to zero, tlie gas is forced, 
by a gentle water pressure, through the orifices of the 
burner ; it meets the ball o, glides along its surface, and 
ascends, in a warm current, in frimt of the pOe. The rays 
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from the heated gas gash forth in the direction of the ar- 
rows against the pile, and the conseqaent deflection of the 

Flg.W. 




galvanometer needle indicates the magnitude of the radia- 
tion. 

The results of the experiments are given in the second 
column of the following table, the nmnbers there recorded 
marking the extreme limit to which the needle swung, 
when the rays from the gas fell u^on the pile : — 

Badiatton. AbsorptioiL 

Air ... . . Oa 

Oxygen . . . . .0-2 

Nitrogen . . . . . .0*2 

Hydrogen . . . . .0*2 

Carbonic oxide 12 . .18*0 

Carbonic add . . 18 . . . 26*0 

Nitrons oxide . . 29 . . . 440 

defiant^ . . 98 . . 610 
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In order to compare the radiation with, tiie absorption, 
I have placed in the third colonin the deflections doe to the 
absorption of the same gases, at a common tension of 5 
inches. We see that radiation and absorption go hand in 
hand ; that the molecule which shows itself competent to 
intercept a calorific flux, shows itself competent, in a pro- 
portionate degree, to generate a calorific flux. Tliat,.m 
short, a capacity to accept motion from the ether, and to 
impart motion to the ether, by gaseous bodies, are correla- 
tive properties. 

And here, be it remarked, we are relieved from all con- 
siderations regarding the influence of cohesion, on the re- 
sults. In solids and liquids the particles are more or less 
in thrall, and cannot be considered as individually free. 

Fig. 92. 




The diflerenoe in point of radiative and absorptive power, 
between alum and rocksalt, for example^ mi^bt be fairly 
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r^scrded as due to their character as aggregates, held to- 
gether by crystallismg force. But the difference between 
defiant gas and atmospheric air cannot be explained in this 
way ; it is a difference dependent on the individual mole- 
cules of these substances, and thus our experiments with 
gases and vapours probe the question of atomic constitution 
to a depth, quite unattainable with solids and liquids. 

I have re&ained thus far from giving you as full a 
tabular statement of the absorptive powers of gases and 
vapours as the experiments made with the apparatus al- 
ready described would enable me to do, knowing that I 
had in reserve results, obtained with another apparatus, 
which would better illustrate the subject This second ar- 
rangement is the same in principle as the first ; otHj two 
changes of importance have been made in it. The first is, 
that instead of making a cube of boiling water my source 
of heat, I employ a plate of copper, agamst which a thin 
steady gas-flame from a Btmsen's burner is caused to play ; 
the heated plate fonns the back of my new front chamber, 
whidi latter can be exhausted independently, as before. 
This portion of the apparatus is sketched in fig. 92, the 
diimney o being added. The second alteration is the sub- 
Btitution of a tube of glass of the same diameter, and 2 
feet 8 inches long, for the tube of brass s s', Plate I. 
An the other parta of the apparatus remain as before. The 
gases were introduced in the manner already 4escribed into 
the experimental tube, and from the galvanometrio deflec- 
tion, consequent on the entrance of each ga^ its absorption 
was calculated* 

The following table gives the relative absorptions of 
several gases, at a common tension of one atmosphere : — 

^ AbsorptloD ftt 

name.. 80 incbM toodon* 

Air , . . . . '1 

0?ygen . . .1 

16 
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Hamflk i 


AJtmxpOaaot 


Nitrogon • • • 

Hydrogen . 

Chlorine 


1 

1 

89 


Hydrodiloric acid 

Cirbonic oxide . . 


62 
90 


Carbonic add . • 


90 


Nitrons oxide 


860 


Solphide of hydrogen 
Mar^gaB . 


890 

408 


Solphurons acid 
defiant gas 


710 
9*^0 


Ammonia . . • . 


1195 



The most powerful aad delicate tests that I have been 
able to apply have not yet enabled me to establish a dififer- 
ence between oxygen, nitrogen, hydrogen, and air. The 
absorption of these substances is exoeedmgly small — ^prob- 
ably even smaller than I have made it.. The more perfect- 
ly the above-named gases are purified, the more closely 
does their action approach to that of a vacanm. And who 
can say that the best drying apparatus is perfect ? I can- 
not even say that sulphuric acid, however pure, may not 
yield a modicum of vapour to the gases passing through it, 
and thus make the absorption by those gases appear great- 
er than it ought. Stopcocks also must be greased, and 
hence may contribute an infinitesimal impurity to the air 
passing through them. But however this may be, it is 
certain that if any further advance should be made in the 
purification of the more feebly acting gases, it will only 
serve to augment the enormous differences of absorption 
exhibited by the foregoing table. 

* Ammonia, at the tension of an atmosphere, exerts an 
absorption at least 1,195 times that of the air. If I inter- 
pose this metal screen between the pile and the experiment- 
al tube, the needle will move a Uttle, but so little that you 
entirely fail to see it. What does this experiment mean f 
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Why, that this ammonia which, within our glass tube, is 
as transparent to light as the air we breathe, is so opaque 
to the heat radiating from our source, that the addition of 
a plate of metal hardly augments the opacity. I have rea- 
son to believe that it does not augment it at all, and that 
this li^t transparent gas is really as black, at the present 
moment, to the calorific rays, as if the experimental tube 
were filled with ink, pitch, or any other impervious sub- 
stance. 

In the case of oxygen, nitrogen, hydrogen, and air, the 
action of a whole atmosphere is so small that it would be 
quite useless to attempt to determine the action of a fhu> 
tional part of an atmosphere. Could we, however, make 
such a determination, the difierence between them and the 
other gases would come out still more forcibly than in the 
last table. In the case of the energetic gases, we know 
that the calorific rays are most copiously absorbed by the 
portion of gas which first enters the experimental tube, the 
quantities which enter last producing, in many cases, a 
merely infinitesimal effect. If, therefofe, instead of com- 
paring the gases at a common tension of one atmosphere, 
we were to compare them at a common tension of an inch, 
we should doubtless find the difference between the least 
absorbent and the most absorbent gases greatly augment- 
ed. We have already learned that for small quantities, the 
heat absorbed is proportional to the amount of gas present. 
Assuming this to be true for air and the other feeble gases 
referred to ; taking, that is, their absorption at 1 inch of 
tension to be ^jth of that at 30 inches, we have the follow- 
ing comparative effects. It will be understood that in every 
case, except the first four, the absorption of 1 indi of the 
gas was determined by direct experiment. 

Absorptton at 
Namei 1 inch Uiuion. 

Aip . . . . . 1 

#xygen .... 1. 
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AbMrpUonof 


HillMu 






Nitrog^ 




1 


Hydrogen 




1 


Chlorine 




. 60 


Bromine 


^• 


. 160 


Carbonio oxide 




. 160 


HTdrobromlc acid 




. 1005 


Nitric oxide . 




. 1590 


Nitroofl oxide . 




•. 1860 


Sulphide of hydrogen 




. 2100 


Ammonia 




. 1260 


Olefiantgas 




. 7960 


Sulphurous acid 


• * 


. 8800 






_ aI.^ X?.i_A^ 



What extraordinary difierenoes in the constitation and 
character of the ultimate particles of various gases do the 
aboTG results reveal! For every individual ray struck 
down by the air, oxygen, hydrogen, or nitrogen — ^the am- 
monia strikes down a 'brigade of 7,260 rays; the olefiant 
gas a brigade of 7,950 ; while the sulphurous add destroys 
8,800. With these results before us, we can hardly help 
attempting to visualise the atoms themselves, trying to dis- 
cem, with the eye of intellect, the actual physical qualities 
on which these vast differences depend. These atoms are 
particles of matter, plunged in an elastic medijmi, accepting 
its motions and impar&ig their motions to it. Is the hope 
unwarranted, that we may be able finally to. make radiant 
heat such a /eder of atomic constitution, that we shall be 
able to infer from their action upon it, the mechanism of 
the ultimate particles of matter themselves i 

Have we even now no glimpse of the atomic qualities 
necessary to form a good absorber ? Tou remember our 
experiments with gold, silver, and copper ; you recollect 
how feebly they radiate and how feebly they absorb. We 
heated them by boiling water ; that is to say, we imparted, 
by the contact of the water, motion to their atoms ; still 
this motion was imparted with extreme slo^ess to the 
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ether in which those stomB swung. That their particles 
glide through the ether with scfurcely any resistance may 
also be inferred from the length of time which they require 
to cool in vacuo. But we have seen that when the motion 
which the atoms of the above bodies possess, and which 
they are incompetent to transfer to the ether, is imparted, 
by contact, to a coat of varnish, or to a coat of chalk or 
lampblack, or even to flannel or velvet, these bodies soon 
waste the motion on the ether. The same we found true 
for glass and earthenware. 

In what respect do those good radiators differ from the 
metals referred to ? In one profound particular — ^the met- 
als are elements ; the others are compounds. In the metals 
the atoms swung singly ; in the varnish, velvet, earthen- 
ware and glass, they swung in groups. And now, in bodies 
as diverse from the metals as can possibly be conceived^ we 
find the same significant fact making its appearance. Oxy- 
gen, hydrogen, nitrogen, and air, are elements, or mixtures 
of elements, and, both as regards radiation and absorption, 
their feebleness is declared. They swing in the ether .with 
scarcely any loss of moving force. They bear the same 
relation to the compound gases as a smooth cylinder turn- 
ing in water does to a paddle-wheel. They create a small 
comparative disturbance. 

We may push these considerations still further. It is 
impossible not to be struck by the position of chlorine and 
bromine in the last table. Chlorine is an extremely dense 
and coloured gas ; bromine is a far more densely-coloured 
vapour ; still we &id them, as regards perviousness to the 
heat of our source, standing above every transparent com- 
poimd gas in the table. The act of combination with hy- 
drogen produces, in the case of each of these substances, a. 
transparent compound ; but the chemical act, which aug- 
ments the transparency to light, augments the opacity to 
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heat ; hydrochlorio add aibeorbB more than chlorine ; and 
hydrobromic acid absorbs more than bromine. 

Further, I have here the element bromine in the liquid 
condition ; I enclose a portion of it in this glass cell ; llie 
layer is of a thickness sufficient to extinguish utterly the 
flame of a lamp oi cahdle. But I place a candle id front 
of the cell, and'a .thermo-electric pile behind it ; the prompt 
movement of the needle declares the passage of radiant 
heat through the bromine. This consists entirely of the 
objure rays of the candle, for the lights as I have stated, 
is utterly cut off. I remove the candle^ and put in its place 
our copper ball, heated not quite to redness. The needle 
at (mce flies to its stops, showing the transparency of the 
bromine to the heat emitted by the ball. I cannot use 
iodine in a solid state, but, happily, it dissolves in iHsulphide 
of carbon. I have here the densely coloured liquid in this 
glass cell. I throw the parallel electric beam upon the screen; 
this solution of iodine comjdetely .cuts the light off; bat 
if I bring my pile into the path of the beam, the violence 
of the needle's motion shows how copious is the transmis- 
sion of the obscure rays. It is impossible, I think, to close 
our eyes upon this convergent evidence that the free atoms 
swing with ease in the ether, while when grouped to oscil- 
lating systems, they cause its waves to swell, in^arting to 
it, as compound molecules, an amount of motion which was 
quite beyond their power to conmiunicate, as long as they 
remained uncombined. 

But it will occur to you, no doubt, that lampbladc, 
which is an elementary substance, is one of the best ab- 
sorbers and radiators in nature. Let us examine this sub- 
stance a little : ordinary lampblack contains many impur- 
ities ; it has various hydro-carbons condensed within it, and 
these hydro-carbons are all powerftd ab3orbers and radia- 
tors. Lampblack, therefore, as hitherto applied, can hardly 
be considered an element at all I have, however, had these 
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hydro-carbons in great part removed, by carrying through 
red hot lampblack a carrent of chlorine gas ; but the sub- 
stance has continued to be both a powerful radiator and a 
.powerful absorber. Well, what is lampblack ? Chemists 
will tell* you that it is an allotropic form of the diamcThd : 
here, in &ct, is a diamond reduced to charcoal by intense 
heat. Now, the allotropic condition has long been defined 
as due to a dijQTerence in the arrangement of a body's parti- 
cles ; hence, it is conceivable that this arrangement, which 
causes such a marked physical difference between lampblack 
and diamond, may consist of aix atomic grouping, which 
causes the body to act on radiant heat as if it were a com- 
pound. I say such an arrangement of an element, though 
exceptional, is quite conceivable ; and I shall show you this 
to be eminently the case as regards an allotropic form of 
our highly ineffectual oxygen. 

But, in reality, lampblack is not so impervious as you 
&ight suppose it to be. Melloni has shown it to be trans- 
parent, in an unexpected degree, to radiant heat emanating 
from a low source, and I have prepared an experiment 
which will corroborate his. Here is a plate of rock-salt, 
which, by holding it over a smoky lamp, has been so thick- 
ly coated with soot that it does not allow a trace of light 
from the most brilliant gas jet to pass through it.. I place 
ibe plate upon its stand, and between it and this vessel of 
. boiling water, which is to serve as our source of heat, I 
place a screen. The thermo-electric pile is at the other side 
of the smoked plate. The needle is now at zero, and I 
withdraw my screen ; instantly the needle moves, and its 
final and permanent deflection is 52^. I now cleanse the 
salt perfectly, and determine the radiation through the un- 
smoked plate, — ^it is 71°. Now, the value of the deflec- 
tion 62% expressed with reference to our usual unit, is 
90, and the value of 71°, or the total radiation, is about 
300. Hence, the radiation through the soot is to the whole 
radiation as 
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90:800 
or as 30 : 100 
that is to say, 30 per cent, of the incident heat has been 
transmitted by the layer of lampblack. 

I have shown you the action of gases upon radiant heat, 
with our glass experimental tube and our new source of 
heat ; let us complete this lecture by reference to the action 
of vapours. Here, you see, I have several glass flasks, eadi 
furnished with a brass cap, to which a stopcock can be 
screwed. Into each I pour a quantity of a volatile liquid, 
reserving a flask for each liquid, so as to render admixture 
of the vapours impossible. From £ach flask I remove the 
air, — ^not only the air above the liquid, but the sir dissolved 
in it. Thb latter bubbles freely away when the flask is 
exhausted ; now I attach my flask to llie exhausted experi- 
mental tube, and allow the vapour to enter, without per- 
mitting any ebullition to occur. The mercury column of 
the pump sinks, and when the required depression has been 
obtained, I cut off the supply of vapour. In this way the 
vapours of the substances mentioned in* the next table have 
been examined, at tensions of 0*1, 0*5, and 1 inch, respeo- 
tively. 



NaoM 
Bisulphide of carbon 
Iodide of methyl . 
Benzol . 
Chloroform 
Methjlio alchohol 
Amylene 

Sulpharic Ether . 
Alcohol . 
Formic ether , 
Acetic ether 
Propiomite of ethyl 
Borado ether 



Abflorpttpn of Vapoon 




BtTaOMODft 


. 


0-1 


on 


1-0 


15 


47 


68 


85 


147 


242 


66 


182 


267 


85 


182 


236 


109 


890 


590 


182 


585 


828 


800 


710 


870 


825 


622 




480 


870 


1075 


690 


980 


1195 


596 


970 




620 







AOnOlSf 07 YAFOirBS ON RADIANT HEAT. 

These numbers refer to the absorption of a whole at- 
mosphere of dry air as their unit ; that is to say, jVth of an . 
inch of bisulphide of carbon vapour does 15 times the exe- 
cution of 30 inches of atmospheric air ; while -^ih of an 
iadi of boracic ether vapour does 620 times the execution 
of a whole atmosphere of atmospheric air. Comparing air 
at a tension of 0*01 with boracic ether at the same tension, 
ihe absorption of the latter is probably 180,000 times that 
of tiie former. 

16* 
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I oiYB here the method of calibrating the galyanomcter which 
Melloni recommends, as leaving nothing to be desired as regards 
facility, promptness, and precision. His own statement of the 
method, translated from La Thermochrose, page 59, is as 
follows : — 

Two small vessels, v v, are half- 
filled with mercory, and connected, 
separately, by two short wires, with 
the extremities g o of the galvano- 
meter. The vessels and wires thus 
disposed make no change in the ac- 
tion of the instrmnent ; the thermo- 
electric cnnent being freely trans- 
mitted, as before, from the pile to 
the galvanometer. Bat i^ by 
means of a wire f, a communication 
be established between the two vessels, part of the current will 
pass through this wire and return to the pile. Tlie quantity of 
electricity circulating in the galvanometer will be thus dimin- 
ished and with it the deflection of the needle. 

Suppose, then, that by this artifice we have reduced the gal- 
vanometric deviation to its fourth or fifth part ; in other words, 
supposing that the needle being at 10 or 12 degrees, imder the 
action of a constant source of heat, placed at a fixed distance 
fit)m the pile, that it descends to 2 or 8 degrees when a portion 
of the current is diverted by the external wire ; I say that by 
causing the source to act from various distances, and observing 
in eaeh case the Mai deflection, and the reduced deflection, we 
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baye all the data neoeasary to detennine the ratio of the deflec- 
tionfl of the needle, to the forces which produce these deflections. 

To render the exposition clearer, and to ftimiah, at the same 
time, an example of the mode of operation, I will take the num- 
bers relating to the amplication of the method to one of my 
thermo-mnltipliers. 

The external drcnit being interrupted, and the source of heat 
being sufkiently distant from the pile to giye a deflection not 
exceeding 5 d^irees of the galyanometer, let the wire be placed 
from Y to Y ; the needle &Xla to 1^*5. The connection between 
the two Tessels being again interrupted, let the source be brought 
near enough to obtain successiyely the deflections : — 
5% 10% 15% 20% 26% 80% 86% 40% 46^ 

Interposing after each the same wire between y and y we ob- 
tain the following numbers : — 

l*-5, 8% 4'-6, 6*-8, 8'-4, ll'-2, WB, 22?-4, 2^-1. 

Aaanming the forcc necessary to cause the needle to describe 
each of the first degrees of the galyanometer to be equal to unity, 
we haye the number 5 as the expression of the force-corresponding 
to the first obseryation. The other forces are easily obtained by 
the proportions : — 

1-6 : 6=a : x=r f^ a=3-888 a.* 
where a represents the deflection when the exterior circuit is 
dosed. We thus obtain 

6, 10, 16-2, 21, 28, 37-8. 
for the forces, corresponding to the deflections, 
6% 10% 16% 20% 25% 80% 

In this instrument, therefore, the forces are sensibly propor- 
tioiud to the arcs, up to nebrly 15 d^^rees. Beyond this, the pro- 
portionality teases, and the diyeigence augments as the arcs in- 
crease in size. 

The forces belon^ng to the intermediate degrees are obtained 
with great ease, either by calculation or by graphical construc- 
tion, which latter is sufilciently accurate for these determinations. 

* That Is to say, one redaoed current is to the total current to which 
it corresponds, as any other redaoed current is to its ooiieflpondiDg total 
current 
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Bj ihfise meaoB we fii&d. 

Degrees . . 18% 14% 15% 16% 17% 18% 19% 20*, Sr. 

Foroee . . 18, 141, 15-2, 168, 17*4, 186, 19-8, 21, 228. 

IMfferencei . 11, 11, 11, 11, 1.2, 1-2, 1-2, 1-8. 

Degrees . . 22% 28% 24% 25% 26% 2r, 28% 29% 80'. 

Forces . . 285, 24-9, 26-4, 28, 297, 81-6, 88-4, 858, 87a 

Differences . 1-4, 1-5, 16, 17, 1-8, 1-9, 2.' 

In this table we do not take into account any of the dogiees 
preceding the 18th, because the force corresponding to each of 
them possesses the same yalue as the deflection. 

The forces corresponding to the first 80 degrees being known, 
nothing is easier than to determine the Talnes of ttie forces cone- 
i^nding to 85, 40, 45 d^^rees, and upwards. 

The reduced deflectfbns of these three arcs are, 
15''d, 22^-4,''29'-7. 

Let U8 consider them separately ; commencing with the first 
In the first place, then, 15 degrees, according to our calculatioD, 
are equal to 15*2 ; we obtain the yalue of the decimal 0*8 by mul- 
tiplying this fraction by the difference II which existe between 
the 15th and 16th degrees ; for we have evidently the proportion 

1 : ll=0-3 : x=0-8. 
The yalue of the reduced deflection corresponding to the 85th 
degree will not, therefore, be 15'*-8, but 15^-2+0''-8=15°-5. By 
similar considerations we find 28^*5+ 0''-6=24^-l, instead of 
22^-4, and 86'*-7 instead of 29°'7 for the reduced deflections of 40 
and 45 degrees. 

It now only remains to calculate the forces belonging to these 
three deflections, 15**-5, 24**1, and 86<*-7, by means of the ea^ree- 
sion 8*888 a ; • this giyes us, 

the foroes, 51 -7, 80*8, 122-8. 
for the d^rees, 85, 40, 46. 

Ck)mparing these numbers with those of the preceding table, 
we see that the sensitiyeness of our galyanometer diminishes con- 
siderably when we use deflections greater than 80 d^iees. 



LECTURE XI. 

[April 8, 1862.] 
Acnov or odobous bvbstanoes upon radumt hxat— achon ov ozonb 

UPON BADIANT HEAT — DETERMINATION OF THE RADIATION AND ABSORP- 
TION OF OASES AND YAPOURS WITHOUT ANT SOURCE OF HEAT EXTERNAL 
TO THE GASEOUS BODY — DTNAMIO RADIATION AND ABSORPTION — RADIA- 
TION .THROUGH THE EARTH*8 ATMOSPHERE — INFLUENCE OF THE AQUEOUS 
TAPOUB OF THE ATMOSPHERE ON RADUNT HEAT— CONNECTION OF THE 
RADIANT AND ABSORBENT POWER OF AQUEOUS TAPOUR WITH METEORO- 
LOGICAL PHENOMENA. 

APPENDIX : FURTHER DETAILS OF THE ACHON OF HUMID AIR. 

SCENTS and effluvia generally have long occupied the 
attention of observant men, and they have formed- fa- 
vourite illustrations of the * divisibility of matter.' No 
chemist ever weighed the perfume of a rose ; but in ra- 
diant^eat we have a test more refined than the chemist's 
balance. The results brought before you in our last lecture 
would enable you to hear me without surprise, were I to 
assert that the quantity, of volatile matter removed from a 
hartshorn bottle by any person in this room, by a single act 
of inhalation, would exerdse a more potent action on ra^ 
diant heat, than the whole body of oxygen and nitrogen 
which the room contains. Liet us apply*this test to other 
odours, and see whether they also, notwidistanding their 
almost infinite attenuation, do not exercise a measurable in- 
fluence on radiant heat. 

I wiU operate in this simple way : here is a number of 
small and equal squares of bibulous paper, which I roll up 
thus, to form littie cylinders, each about two inches in 
length. I moisten the paper cylinder by dipping one end 
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of it into an aromatic oil; the oil creeps by capillary attrac- 
tion through the -paper, and the whole of the cyBnder is» 
now moist I introdnoe the rolled paper thus into a glass 
tube of soch a diameter that the cylinder fills it without 
being squeezed, and between my drying apparatus and the 
experimental cylinder I place the tube oontidning the 
scented paper. The experimental cylinder is now exhaust- 
ed, and the needle at zero ; turning this cock on, I allow 
dry air to pass gently through the folds of the saturated 
paper. Here the air takes up the perfume of the aromatic 
oily and cs^es it into the experimental tube. The absorp- 
tion of an atmosphere of dry tir we know to be unity ; it 
produces a deflection of one degree ; hence, any additional 
absorption which these experiments reveal, must be due to 
the scent which accompanies the air. 

The following table will give a condensed view ofrthe 
absorption of the substances mentioned in it ; air at the 
tension of one atmosphere being regarded as unity : — 



JPer/tmiea. 


. 


Name ofPerftuiia Absoiptiaii 


PachouU . . ... 30 


Sandalwood 






82 


Geranium 






88 


OilofCloyes 






88-6 


Otto of Roses 






86S 


Beigamot 






U 


NeroU 






. . 47 


Layender 






60 


Lemon 






66 


Portugal 






. • 6t 


Thyme 






68 


Rosemary 






. . H 


OU of Laurel. 






80 


Camonule ilowers 






61 


CSassia . . 






. . 109 


Spikenard . 






§56 


Aniseed 






. 872 



' ACTnON OF 80KNT8 ON BADIAST HBAT. 875 

The nxmotb^r of stomB of air here in the tube must be 
regarded as ahnofit infinite in compariBon with those of the 
odours ; still the latter, thinly scattered as they are, do, in 
the case of pachonli, 30 times the execution of the air $ otto 
of roses does upwards of 36 times the execution of the 
air ; thyme, 14 times ; spikenard, 355 times ; and aniseed 
372 times the execution of the air. It would be idle to 
speculate on the quantities of matter implicated in these 
results. Probably they would have to be multiplied by 
millions to bring them up to the tension of ordinary air. 
Thus,— 

The sweet sonth 

That breathes upon a bank of violets, 

Stealing and giving odour , 

owes its sweetness to an agent, which, though almost infi- 
nitely attenuated, may be more potent, as an intercepter of 
terrestrial radiation, than the entire atmosphere from 
« bank' to sky. 

In addition to these experiments on the essential oils, 
others were made on aromatic herbs. A number of such 
were obtained from Covent Garden Market; they were 
dry, in the common acceptation of the term ; that is to 
say, they were not green, but withered. Still I fear the 
resets obtained with them cannot be regarded as pure, on 
account of the probable admixture of aqueous vapour. The 
aromatic parts of the plants were stuffed into a glass tube 
eighteen inches long and a quar|;er of an inch in diameter. 
Previous to connecting them with the experimental tube, 
they were attached to a second air-pump, and dry air was 
carried over them for some minutes. They were then-con- 
nected with the experimental cylinder, and treated as the 
essential oils ; the only difference being that a length of 
eighteen inches, instead of two, was occupied by the herbs. 

Thyme, thus examined, gave an action thirty-three times 
that of the air which passed over it. 
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Peppemunt ezeroued thirty-four times the action of the 
air. 

Speannint exercised thirty-eight times the action of the 
air. • • 

Lavender exerdsed thirty-two times the acticm of the 
air. 

Wormwood exercised forty-one times the action of the 
air. 

Cinnamon exercised fifty-three times the action of the 
air. 

As ah'eady hinted, I fear that these results may be 
complicated with the action of aqueons vaponr : its quan- 
tity, however, must have been infinitesimal. 

There is another substance of great interest to the 
chemist, but the attainable quantities of which are so mi- 
nute as almost to elude measurement, to which we may ap- 
ply the test of radiant heat. I mean that extraordinary 
substance, ozone. This body is known to be liberated at 
the oxygen electrode, when water is decomposed by an 
electric current. To investigate its action I had construct- 
ed three different decomposing cells. In the first, which I 
shall call No. 1, the platinum plates used as electrodes had 
about four square inches of surface ; the plates of the sec- 
ond (No. -2) ha^ two square inches of surface ; while the 
plates of the third (No. 3) had only one square inch of sur- 
face, each. 

My reason for using electrodes of different sizes was 
this : — On first applying radiapt heat to the examination of 
ozone, I constructed a decomposing cell, in which, to di- 
minish the resistance of the current, very large platinum 
plates were used. The oxygen thus obtained, and which 
ought to have embraced the ozone, showed scarcely any of 
the reactions of this substance. It hardly discoloured 
iodide of potassium, and was almost without action on ra- 
diant heat. A second decomposing apparatus, with smaller 
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l^ates, ma tried, and here I found both the action on iodide 
of potassimn, and on radiant heat, very dedded. Being 
nnable to refer these differenees to any other cause than the 
differ^it ma^tudes of the plates, I formally attacked the 
Bobjeot by operating with the three cells above described. 
Calling the action of the main body of the electrolytic oxy- 
gen tmity ; that of the ozone which accommpanied it, in 
the respective cases, is given«in the following table : — 

NambflTofCea Abeorptloii. 

No.1 20 

Ko. 2 84 

No.8 - 47 

Thus the modicum of ozone which accompanied the 
oxygen, and in comparison to which it is a vanishing quan- 
tity, exerted, in the case of the first pair of plates, an action 
twenty times that of the oxygen itself, while with the third 
pair of plates the ozone was forty-seven times more ener- 
getic than the oxygen. The influence of the size of the 
plates, or, in other words, of the density of the current 
where it enters the liquid, on the production of the ozone, 
is rendered strikingly manifest by these experiments. 

I then cut away portions of the plates of cell No. 2, so 
as to make them smaller than those of No. 8. The reduc- 
tion of the plates yras accompanied by an augmentation of 
the action upon radiant heat ; the absorption rose at once 
from 84 to 

66. 

The reduced plates of No. 2 here transcend those of 
No. 8, whid), in the first experiments, gave the largest 
action. 

The plates of No. 8 were next reduced, so as to make 
them smallest of all. The ozone now generated by No. 8, 
effected an absorption of • 

85. 
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Hiiifl we Bee that the acti<m xipon radiant heat adyanoes 
as the size of the electrodes is diminished. 

Heat is known to be vety destractive of ozone, and 
suspecting the developement of heat at the small electrodes 
of the cell last made use of, I sorromided the cell with a 
mixture of pomided ice and salt. Kept thns cod, the ab- 
sorption of the ozone generated rose to 

iSe. 

These experiments on the action of ozone npon radiant 
heat were made, before I was acquainted with the re- 
searches of MM. De la Rive, Soret, and Meidinger, on this 
substance. There is a perfect correspondence in our re- 
sults, though there is no resemblance between our modes 
of experiment. Such a correspondence is calculated to 
augment our confidence in radiant heat, as an investigator 
of molecular condition.* 

* H. Meidinger commences his paper bj showing the absence -of agree- 
zbent between theory and experiment in the decomposition of water, the 
difference showing itself rery deddedlj in a deficiency of oxygen when th 
curreni was ttrang. On heating liis electrolyte, he found that this dif- 
ference disappeared, the proper quantity of oxygen being then liberated. 
He atonce surmised Ihat the defect of oxygen might be due to the forma- 
tion of ozone ; but how did the substance act to produce the diminulion of 
the oxygen? If the defect were due to the great density of the ozone, the 
destruction of tUs substance, by heat, would restore the oxygen to its trae 
Tolume. Strong heaUng, howerer, which destroyed the ozone, produced 
no alteration of yolume, hence H. Meidinger concluded that theeflfect 
which he obserred was not due to the ozone which remamed mixed with 
&e oxygen itself. He finally conduded, and justified his condusioii bj 
satisfactory experiments, that the loss o^ oxygen was due to the formation 
in the water, of peroxide of hydrogen by the ozone ; the oxygen being thus 
withdrawn from the tube to which it belonged. He also, as M. De la Rive 
had prcYiously done, experimented with electrodes of different sizes, and 
found the loss of oxygen much more considerable when a onall electrode 
was used than with a large one ; whence he inferred that the formation of 
ozone was facilitated by augmenUng the density of the eurrent at tke fhee 
where eUdrode and.eleetroltfte meet. The same conclusion is deduced fisvi 
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Hbe qoantxties of ozone with which the foregoing ex- 
periments were made, must be perfectly nmneasnrable by 
ordinary means. Still its action iq>on radiant heat is so 
energetic, as to place it beside defiant gas, or boradc ether, 
a^ an absorbent— bulk for bulk it might transcend either. 
No demeiUarj/ gas that I hare examined behaves at all like 
ozone. In its swing through the ether, it must powerfuUy 
disturb the medium. If it be oxygen, it must, I think, be 
oxygen atoms packed into groups. I sought to decide the 
question whether it is oxygen, or a compound of hydrogen, 
in the following way. Heat destroys ozone. If it were 
oxygen only, heat would convert it into the common gas ; 
if it were the hydrogen compound, which some chemists 
consider it to be, heat would convert it into oxygen, plus 
aqueous vapour. The gas alone, admitted into my tube, 
would give the neutral action of oxygen, but the gas, plus 
the aqueous vapour, I hoped might give a sensibly greater 
action. The dried electrolytic gas was caused to pass 
through a glass tube heated to redness, and thence direct 
into the experimental tube. It was next, after heating, 
made to pass through a drying tube into the experimental 
tube. Hitherto I have not been able to establish, with cer- 
tainty, a difference between the dried and undried gas. If, 
therefore, the act of heating develope aqueous vapour, the 
experimental means which I have employed have not yet 
enabled me to detect it. For the present, therefore, I hold 



the above experiments on radiant heat. No two things could be more di- 
Terse than the two modes of proceeding. H. Meidinger sought for the 
oxygen which had disappeared, and found it in the liquid ; I examined the 
oxygen actually liberated, and found that the ozone mixed with it aug- 
ments in quantity as the electrodes diminiflh in size. It m^ be added that 
since the perusal of H. Heidinger^s paper I hare repeated his experiments 
with my own decompositioa cells, and found that those which gave me the 
greatest absorptioD, also showed the greatest deficiency in the amount of 
oxygen liberated. 



880 LtoruBB zi. 

the belief, that ozone is produced by the packing of the 
atoms of elementary oxygen into oscillating, groups ; and 
that heating dissolves the bond of union, and allows the 
atoms to swing singly, thus disqualifying them for either 
intercepting or generating the motion, which, as systems, 
they are competent to intercept and generate. 

I have now to direct your attention to a series of facts 
which surprised and perplexed me when I first observed 
them. While experimenting last November (1861), on one 
occasion I permitted a quantity of alcohol vapour, sufficient 
to depress the mercury gauge 0*5 of an inch, to enter the 
experimental tube ; it produced a deflection of 72°. While 
the needle pointed to this high figure, and previously to 
pumping out the vapour, I fJlowed dry air to stream into 
the tube, and happened, as it entered, to keep my eye upcm 
the galvanometer. 

The needle, to my astonishment, sank speedily to zero, 
and went to 25"^ on the opposite side. The entry of the 
almost neutral air, not only neutralised the absorption pre- 
viously observed, but left a considerable balance in favour 
of the face of the pile turned towards the source. A repe- 
tition of the experiment brought the needle down from 70^ 
to zero, and sent it to 38° on the opposite side. In like 
manner, a very small quantity of the vapour of sdphorio 
etlier produced a deflection of 30° ; on allowing dry air to 
fill the tube, the needle descended speedily to zero, and 
swung to 60° at the opposite side. 

My first thought, on observing these extraordinary 
efiects, was, that the vapours had deposited themselves in 
opaque films on the plates of rock-sal^ and that the dry air 
on entering had cleared these films away, and allowed the 
heat from the source free transmission. 

But a moment's reflection dissipated this supposition. 
The clearing away of such a fihqi could, at best, but restore 
the state of things existing prior to the entrance of the 
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Tspoor. It might be conceiyed to bring the needle again to 
0°, bat it could not possibly produce the negative deflec- 
tion. Nevertheless, I dismounted the tube, and subjected 
the plates of salt to a se»*ching examination. No such de- 
posit as that ^bove surmised was observed. The salt re- 
mained perfectly transparent while in contact with the 
vajwux. How, then, are the eflfeots to be accounted for ? 

We have already made ourselves acquamted with the 
thermal effects produced when fdr is permitted to stream 
into a vacuum (page 44). We know that the air is 
Warmed by its collision against the si^es of the receiver. 
Can it be the heat thus generated, imparted by the air to 
the alcohol and ether vapours, and radiated by them against 
the pile, that was more than sufficient to make amends for 
the absorption? The ei^>€nmentum crucis at pnce si^- 
gests itself here. If the effects observed be due to the 
heating of the air on entering the partial vacuum in which 
the vapour was diffhsed, we ought to obtun the same 
effects when the sources of heat made use of hitherto are 
entirely abolished. We are thus led to the consideration of 
the novel and at first sight utterly paradoxical problem — 
namely, to determine the radiation and absorption of a gas 
or Ys;pojxr withaue anysotarce ofheca external to.the gaseous 
hodyUself. 

Let us, then, erect our apparatus, and omit our two 
sources of heat. Here is our glass tube, stopped at one end 
by a plate of glass, for we do not now need the passage of 
the heat through this end ; and at the other end by a plate 
of rock-salt. In front of the salt is placed the pile, con- 
nected with its galvanometer. Though there is now no 
special source of heat acting upon the pile, you see the nee- 
dle does not come quite to zero \ indeed, the walls of this 
room, and the people who sit before me, are so many 
sources of heat, to neutralise which, and thus to bring the 
needle accurately to zero, I must slightly warm the defect- 
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ive &CQ of the pile. This is done without any difficulty by 
a cdbe of lukewarm water, *plaoed at a distance ; the needle 
is now at zero. 

The experimental tnbe being exhausted, I allow air 'to 
enter, till the tube is filled ; the horizontal column of air at 
present in the tube is wanned ; every atom of the air is os- 
cillating ; and if the atoms possessed any sensible power of 
communicating their motion to the luminiferous ether, we 
should haye from each atom a train of waves impinging on 
the £Etce of the pile. But you observe scarcely any motion 
of the galvanometer, and hence may infer that the quantity 
of heat radiated by the air is exceedingly small. The de- 
flection produced is 7 degrees. 

But these 7° are not really due to the radiation of the* 
air. TV) .what, then ? I open one of the ends of the ex- 
perimental tube, and place a bit of black paper as a lining 
within it ; the paper merely constitutes a ring which covers 
the interior surface of the tube for a length of 12 inches. 
I close the tube and repeat the last experiment. The tube 
has been exhausted and the sur is now entering, but mark 
the needle — it has already flown through an arc of 70**. 
Tou see here exemplified the influence of this bit of paper 
lining ; it is warmed by the air, and it radiates towards the 
pile in this copious way. 27ie interior mrface of the tube 
itself must do the same^ though in a less degree, and to 
the radiation from this surface, and not from the air itself, 
the deflection of 7° which we have just obtained is, I be- 
lieve, to be ascribed. 

Removing the bit of lining from the tube, instead of 
air I allow nitrous oxide to stream into it; the needle 
swings to 28°, thus showing tte superior radiative power 
of this gas. I now work the pump, the gas within the ex. 
perunental tube becomes chilled, and into it the pile pours 
its heat ; a swing of 20'' in the opposite direction is the con- 
sequence. 
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Instead of nitrous oxide, I now allow olefiant gas to 
stream into the exhausted tabe. We have already learned 
that this gas is highly gifted with the power of radiation. 
Its atoms are here warmed, and everyone of them asserts 
its power ; the needle swings throngh an aro of 67^. Let 
it waste its heat, and let the naedle come to zero. I now 
pmnp out, and the oonseqaent diilling of the gas, within 
the tube, produces a deflection of 40^ on the side of cold. 
We have certainly here a key to the solution of the enig- 
matical effi^cts observed with the alcohol and ether vapour. 

For the sake of convenifflice we may call the heating of 
the gas on entering the vacuum dynamic heating; its radi- 
ation I have called dynamic radiation^ and its absorption, 
when chilled by pumping out, dynamic absorption. These 
terms being understood, the following table explains itself. 
In each case the extreme limit to which the needle swung, 
on the entry of the gas into the experimental tube, is re-* 
corded. 

Dynamic Hadiaiion of Gases. 



ama 


.limit of l8t 


• 


o 


Air . . . 


. 1 


Oiygen . 


. 1 


Hydrog^i • . • 


. n 


Nitrogen . 


. 1 


Carbonic Oxide . 


. 19 


Carbonic acid 


. 2i 


Nitrous oxide 


• 81 


Olefiant gas 


. 68 



We observe that the order of the radiative powers, de- 
termined in this novel way, is the same as that already ob- 
tain^ from a totally different mode of experiment. It 
must be borne in mind that the discovery of dynamic radi- 
ation is quite recent, and that the conditions of perfect ao- 
euracy have not yet been developed ; it is, however, oep. 
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taio, that the mode of experiment is susceptible of the last 
degree of preoisioiL. 

Let US now torn to our Ti^iirs, and whOe dealing irith 
them I shall eidearoar to miite two e&ets whidi, at first 
right, might appear utterly ineongmoos. We hare already 
learned that a pcdished metal sarfSeuM emits an extranely 
feeble radiation ; bat that when the same snrftce is ooated 
with Tarnish the radiation is oopons. In the conunnnica- 
tion of motion to the ether the atoms of the metal need a 
mediator, and this they find in the varnish. They <k>mmiK 
nicate their motion to the molecules of the Yamidi, and the 
latter are so related to the Inminiferons ether* that they 




can commmiicate their motion to it. You may varnish a 
metallic surface bt/aJUm of a poufeifkd gas. I have here 

* If we could change either the name given to the interstellar mediom, 
or that given to certain volatile liquids bj chemists, it would be an advan- 
tage. It Is difficult to avoid confbaion in the use of the same name for 
olijects so utteriy divene. 
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sn arrangement whidi enables me to eanse a thin stratum 
of olefiant gas firom the gasholder 6 (fig. 94) to pass through 
the slit tube a b^ and over the heated surface of the cube a 
The radiation from o is now neutralised by that from c' ; 
but I allow tite gas to flow over the cube o ; and though 
the surface is actuallj cooled by the passage of the gas, for 
the gas has to be warmed by the metal, you see the effect 
ifi to augment considerably the radiation : as soon as the 
gas begins to flow the needle begins to move, and reaches 
an amplitude of 45°. 

We have here varnished a metal by a gas, but a more 
interesting and subtle effect is the vamishinff of one gaaeaus 
hody by another, I have here a flask containing some ace- 
tic ether ; a volatile, and, as you know, a highly absorbent 
substance. I attach the flask to the experimental tube, and 
permit the vapour to enter the tube, until the mercury col- 
unm has been depressed half an inch. There is now vapour 
possessing half an inch of tension in the tube. I intend to 
use that vapour as my varnish ; and I intend to use the ele- 
ment oxygen instead of the element gold, silver, or copper, 
as the substance to which my vapour varnish is to be ap- 
plied. At the present moment the needle is at zero, and I 
now permit dry oxygen to' enter the tube : the gas is dynam- 
ically heated, and we have seen its incompetence to radi- 
ate its heat; but now it comes into contact with the acetic 
ether v2q>onr, and, conunxmicating its motion to the vapour 
by direct collision, the latter is able to send on the motion 
to the pile. Observe the needle — ^it is caused to swing 
through an are of 70° by the radiation from the vapour 
particles. I need not insist upon the fact that in this ex- 
periment the vapour bears precisely the same relation to 
the oxygen, that the varnish does to the metal in our for^ 
mer eiqieriments. 

Let us wait a little, and allow the vapour to pour away 
the heat : it is the discharger of the calorific force gene- 
17 
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rated by the oxygen — the needle is again at zero. I work 
the pnmp, the vapour within the tnbe beeomea chiUed, and 
now yon observe the needle swiag nearly 45^ on the other 
Bide of zero. In this way the dynamio radiation and ab- 
sorption of the vapours mentioned in the following table 
hiive been determined ; air, however, instead of oxygen, 
being the substance employed to heat the vaponr., The 
limit of the first swing of the needle is noted as be£Dre. 

Dynamic EadicUion and Absorption of Vapours. 

DcfleeUoBt 





BadloUon 


AUorpUoa 


1. Bisulplude of carbon 


• 
14 


. 6 


2. Iodide of methyl . 


19-6 . 


. 8 


S. Benzol . 


80 


. 14 


4. Iodide of ethyl 


84 


. 15-5 


5. MethyUc alcohol . 


86 




6. Chloride of amyl . 


41 . , 


. 28 


1, AmyleDe . .. . 


48 




S. Alcohol 


60 . . 


. 27-5 


9. Salphurio ether 


64 


. 84 


10. Formic ether 


68-6 . 


. 38 


11. Acetic ether . 


10 . 


. 43 



We have here nsed eleven different kinds of vapour as 
varnish for onr air, and we find that the dynamio radiation 
and absorption augment exactly in the order established by 
experiments with external sources of heat. We also see 
how beautifully dynamio radiation and absorption go hand 
in hand, the one augmenting and diminishing with the 
other. 

The smallness of the quantity of matter oonoemed in 
some of these actions on radiant heat has been often re- 
ferred to ; and I wish now to describe an experiment which 
shall furnish a more striking example of this kind than any 
hitherto brought before you. The absorption of boraoic ether 
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iraponr, as gtven at pftge 368, exceeds that of snj other 
0ab8taii6e there referred to ; and its dynamio radiation may 
l>e presumed to be oommensorate. 1 exhaust the experi- 
mental tabe*as perfectly as possible, and introduce into it 
a quantity of boradc ether vapour sufficient to depress the 
mercury column ^'^th of an inch. The barometer stands to- 
day at 30 inches ; hence the tension of the ether vapour 
novr in our tube is ^isth of an atmosphere. 

I send dry air into the tube ; the vi^ur is warmed, 
and the dynamic radiation produces the deflection 56^. 

I work the pump until I reduce the residue of air within 
it to a tension of 0*2 of an inch, or ^ } ^th of an atmosphere. 
A residue of the boracic ether vapour remains of course in 
the tube, the tension of this residue being the j jgth part 
of that of the vapour when it first entered the tube. I let 
in dry fdr, and find the dynamic radiation of the residual 
vapour expressed by the deflection 42°. 

I agam work the pump till the tension of the air within 
it is 0*2 of an inch ; the quantity of ether vapour now in 
the tube being t1»^ o^ ^^^t present in the last experi- 
ment. Hie dynamic radiation of this residue gr^es a de- 
flection of 20°. 

Two additional experiments, conducted in the same 
way, gave deflections of 14° and 10° respectively. The 
qnesticm now is, what was the tension of the boracic ether 
vapour when this last deflection was obtained ? The fol- 
lowing table contains the answer to this question : — 

Dynamic Jtadiation of JBorctcie Ether. 

Tension In pdrts of an stmoepbere Defleotton 



T+rr X tIo X jiij X tic X yj^ = jTrmhen^is^ 



56 
42 
20 
14 
10 
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The air itself, warming the interior of the tube, pro- 
daoes, as we have seen, a.deflection of 1^ ; hence the entire 
deflection of 10^ was not due to the radiation of the Ta- 
poor. Deducting 7^, it would leave a residue ofB\ But 
supposing we entirely omit the last experiment, we can 
then have no doubt that at least half the deflection 14^ is 
due to the residue of boracio ether vapour ; this residue 
we find, by strict measurement, would have to be multi- 
plied by one thousand millions to bring it up to the ten- 
sion of ordinary atmospheric air. 

Another reflection here presents itself, which is worthy 
of our consideration. We have measured the dynamic 
radiaticm of defiant gas, by allowing the gas to enter oar 
tube, until the latter was quite filled. What was the state 
of the warm radiating column of defiant gas in this experi- 
ment ? It is manifest that the portions of the column most 
distant from the pile must radiate tkrotigh the gas in front 
ofikern^ and, in this forward portion of the column of gas, 
a large quantity of the rays emitted by its hinder portion 
will be absorbed. In fact, it is quite certain that if we 
made our column sufficiently long, the frontal portions 
would act as a perfectly impenetrable screen, to the radia- 
tion of the hinder ones. Tlius, by cutting off the part of 
the gaseous column most distant from the pile, we might 
diminish only in a very small degree the amount of radia^ 
tion which reaches the pile. 

Let us now compare the dynamic radiation of a vapour 
with that of defiant gas. In the case of vapour we use 
only 0*5 of an inch of tension, hence the radiating mole- 
cules of the ether are much wider apart than those of the 
defiant gas, which have 60 times the tension ; and conse- 
quently the radiation of the hinder portions of the column 
of vapour will have a comparatively open door through 
which to reach the pile. These considerations render it 
manifest that in the case of the vapour a greakr length of 
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lufe is available for radiation than in the c^se of olefiant 
gas. This leads to the conclnsion, that if we shorten the 
tube, we shall diminish the radiation in the case of the 
vapour more considerably than in the case of the gas. Let 
ns now bring our reasoning to the test of experiment. 

We found the dynamic radiation of the following four 
substances, when the radiating column was 2 feet 9 inches 
long, to be represented by the annexed deflections : — 

o • 

Olefiant gas .... 63 « 

Sulphuric ether . • . tf4 

Formic ether .... 68*5 

Acetic ether • • . . 70 

olefiant gas giving here the least dynamic radiation. 

Experiments made in precisely the same manner with a 
tube 3 inches long, or T^jth of the former length, gave the 
following deflections : — 

Olefiant gas . . . .89 

Sulphuric ether . . .11 

Formic ether . . . .12 

Acetic ether . . . .16 

The verification of our reasoning is therefore complete. It 
is proved, that in the long tube the dynamic radiation of 
the vapour exceeds that of the gas, while in a short one 
the dynamic radiation of the gas exceeds that of tie vapour. 
The result proves, if proof were needed, that though dif- 
fused in air, the vapour molecules are really the centres of 
the radiation. 

. Up to the present point, I have pxu*posely onutted all 
reference to the most important vapour of all, as far as our 
world is concerned — ^I mean, of course, the vapour of wa- 
ter. This vapour, as you know, is always diffused through 
the atmosphere. The clearest day is not exempt from it : 
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indeed) in the Alps, fhe purest skies are often the most 
treacherous, the blue deepening with the amount of aqiie> 
oos vaponr in the air. It is needless, therefore, to remmd 
yon, that when I speak of aqueous vapour, I mean nothing 
visible ; it is not fog ; it is not cloud ; it is not mist of anj 
kind. These are formed of vapour which has been con- 
densed to water ; but the blue vapour with which we have 
to deal is an impalpable transparent gas. It is diffiised 
everywhere throughout the atmosj^ere, though in very 
different proportions. 

To prove the existence of aqueous vapour in the air of 
Ihis room, I have placed in front of the table a copper ves- 
sel, which was filled an hour ago with a mixture of pooiKl- 
ed ice and salt. The surface of the vessel was then blade, 
but it is now white— furred all over with hoar-frost— pro- 
duced by the condensation, and subsequent congelation upon 
its surface of the aqueous vapour. I can scrape off this 
white substance, and collect it in my hand. As I remove 
#the frozen vapour, the black surface of the vessel reap- 
pears; and now I have collected a sufficient quantity to 
form a respectable snow-ball. Let us go one step farther. 
I place this snow in a mould, and squeeze it before yoa 
into a cup of ice— there is the cup ; and thus, without quit- 
ting this room, we have experimentally illustrated the man- 
ufacture of glaciers from beginning to end. On the plate 
of glass which I have used to cover the vessel the vapour 
is not congealed, but it is condensed so copiously, that 
when I hold the plate edgeways the water runs off it in a 
stream. 

The quantity of this vapour is small. Oxygen and ni- 
trogen constitute about 99i per cent, of our atmosphere ; 
of the renuuning 0*5, about 0*45 is aqueous vapour; the re- 
sidue is carbonic acid. Had we not been already acquaint- 
ed with the action of almost infinitesimal quantities of mat- 
ter on radiant heat, we might well despair of bdng able to 
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efltablidi a measurable action on the part of the aqneona 
yaponr of onr atmosphere. Indeed, I quite neglected the 
action of this substance for a time, and could hardlj credit 
mj first result, which made the action of the aqueous 
vapour of our laboratory fifteen times that of the idr in 
which it was* difiused. This, however, by no means ex- 
presses the true relation between aqueous vapour and dry 
air. 

I will make an experiment before yon which shall illus- 
trate this. Here, you see, I have resumed our first ar- 
rangement, as shown in. Plate I., with a brass tube, and 
with two sources of heat acting on the opposite faces of the 
pile* I exhaust the experimental tube, and repeat to-day 
the experiment with dry air, which I made at the com- 
mencement of the last lecture. The needle does not move 
senably. If close to it you would,, as I have already 
stated, observe a motion through about one degree. Prob- 
ably, could we get our air quite pure, its action would be 
even less than this. I now pump out, and allow the air of 
this room to enter the experimental cylinder direct, with- 
out permitting it to pass through the drying apparatus. 
The needle, you observe, mqves as the air enters, and the 
final deflection is 48''. The needle will steadily point to 
this figure as long as the sources«of heat remain constant, 
and as long as the air continues in the tube. These 48° 
correspond to an absorption of 12 ; that is to say, the aque- 
ons vapour contiuned in the atmosphere of this room to-day 
exerts an action on the radiant heat, 12 times more power- 
ful than that of the air itself. 

This result is obtained with perfect ease, still not with- 
out due care. In compaiing dry with humid air it is per- 
fectly essential that the substances be pure. You may work 
for months with an imperfect drying apparatus and fail to 
obtain air, which shows this almost t%tal absence of action 
on radiant heat. An amount of organic impurity, too small 
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to be seen hy the eye, is Bii£Bdent to augment fiflyfold (lie 
suction of the air. Knowing the effect which an ahnost in- 
finitesimal amonnt of matter, in certain oases, can produce, 
you are better prepared for such facts than I was when they 
first forced themselves upon my attention. But let us be 
careful in our enquiries. The experim^ital result which 
we have just obtained will, if true, have so important an 
influence on the science of meteorology, that, before it is 
admitted, it ought to be subjected to the closest scrutiny. 
First of all, look at this piece of rooksalt brought in firom 
the next room, where it has stood for some* time near a 
tank, but not in contact with visible moisture. The salt is 
wet ; it is a hygroscopic substance, and freely condenses 
moisture upon its surface. Here, also, is a polished pkte 
of the substance, which is now quite dry ; I breathe upon 
it, and instantly its affinity for moisture causes the vapour 
of my breath to overspread the surface in a film which ex- 
hibits beautifully the colours of thin plates. Now we 
know from the table, at page 313, how opa«pe a solution 
of rocksalt is to the calorific rays, and hence arises the 
question whether, in the above experiment with undried 
air, we may not in reality be measuring the action of a thin 
stratum of such a solution, deposited on our plates of salt, 
instead of the pure action of the aqueous vapour of the air. 
If you operate incautiously, and, more particularly, if it 
be your actual intention to wet your plates of sall^ you may 
readily obtain the deposition of moisture. This is a point 
on which any competent experimenter will soon instruct 
himself; but the essence of good experimenting consists in 
the exclusion of circumstances which would render the pore 
and simple questions which we intend to put to Nature, 
impure and composite ones. The first way of replying to 
the doubt here nused is to examine our plates of salt ; if 
the experiments hav%been properly conducted, no trace of 
moisture is found upon the surface. To render the snooeis 
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of this experiment more certain, I will slightly alter the ar- 
rangement of our apparatus. Hitherto we have had the 
thermo-electric pile and its two reflectors entirely auteide 
the experimental cylinder. I now take this reflector from 
the pile, and removing this terminal plate of rocksalt, I 
push the reflector into the cylinder. The hollow reflecting 
cone is ^ sprung' at its base a b (fig. 95), (our former ar- 
rangement, with the single exception that one of the re- 
flectors of the pile p is now within the tube) so that it is 

Fig. 95. 
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held tightly by its own pressure against the inner surface 
of the cylinder. The space between the outer surface of 
the reflector and the inner surface of the tube I fill with 
fSragments of fused chloride of calcium, which are prevent- 
ed from falling out by a little screen of wire gauze. I now 
reattach my plate of salt, against the inner surface of which 
abuts the narrow end of the reflector ; bring the face of 
the pile close up to the plate, though not into actual con- 
tact with it, and now our arrangement is complete. 

In the first place it is to be remarked, that the plate of 
salt n^rest to the source of heat c is never moistened, un- 
less the experiments are of the grossest character. Its 
proximity to the source makes it the track of a flux of heat, 
powerful enough to chase away every trace of humidity 
* 17* 
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from its sorface. The distant plate is the one in danger, 
and now we hare the oiroumfer^ituu portions of this phte 
kept perfectly dry by the chloride of caldom ; no moist air 
can at all reach the rim of the plate ; while upon its central 
portion, measuring about a square inch in area, we have 
converged owr entire radiation. On d priori grounds we 
should conclude that it is quite impossible thaiafilmof 
moisture could collect there ; and this conclusion is justified 
by fact. I testy as be&re, the dried tir and the undried 
air of this room, and find, as in the former instance, that 
the latter produces seventy times the effect of the fonner. 
The needle is now deflected by the absorption of the un- 
dried air ; allowing this air to remain in the tube, I unscrew 
my plate of salt, and examine its surface. I ev^ use a 
lens for this purpose, taking care, however, that my breath 
does not strike the plate. It was carefully polished wben 
attached to the tube ; it is perfectly polished now. Glass, 
or rockcrystal, could not show a surface more exempt from 
any appearance of moisture. I place a dry handkerchief 
over my finger, and draw it along the surface : it leaves no 
trace behind. There is not the slightest deposition of mois- 
ture; still we see that absorption has taken place. This 
experiment is conclusive against the hypothesis that the 
effects observed are due to a film of brine instead of to 
aqueous vapour. 

The doubt may, however, linger, that although we are 
unable to detect the film of moisture, it may still be there. 
This doubt is answered in the following way : — ^I detach 
the experimental tube from the front chamber, and remove 
the two plates of rocksalt ; the tube is now open at both 
endsy and my aim will be to introduce dry and moist air 
into this open tube, and to compare their efiects upon the 
radiation from our source. And here, as in all other cases, 
the practical tact of the experimenter must come into pby. 
The source, on the one hand, and the pile on the other, are 
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now freely exposed to the air ; and a very slight a^tation 
acting upon either wonld disturb, and might, indeed, alto- 
gether mask tho effect we seek. The air, then, mast be in- 
troduced into the <^pen tube, without producing any com- 
motion either near the source or near the pile. The length 
of the experimental tube is now 4 feet 3 inches ; at c (fig. 
96) is a oeck ccmnected with an India-rubber bag containing 
common air, and subjected by a weight to gentle pressure ; 
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4rii n is a second cock connected by a flexible tube, ^ with 
an air-pump ; between the cock c and the Indiarrubber bag 
our drying tubes are introduced ; when a cock near the bag 
is opened, the air is forced gently through the drying tubes 
into the experimental cylinder. The air-pump is slowly 
worked at the same time, and the dry air thereby drawn 
towards d. The distance of o from the source s is 18 
inches, and the distance of d from the pile p is 12 inches, 
the compensating cube c, and the screen h, serve the same 
purpose as before. By thus isolating the central portion 
of the tube, we can displace dry air by moist, or moist air 
by dry, without permitting any agitation to reach either 
the source or the pile. 

At' present the tube is filled with the common air of the 
laboratory, and the needle of the galvanometer points 
steadily to zero. I now allow air to pass through the dry- 
ing apparatus and to enter the open tube at o, the pump 
being worked at the same time. Mark the effect. When 
the dry sdr enters the needle commences to move, and the 
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direction of its motion shows tliat more beat is now paae- 
ing than before. The substitution of dry air for the air of 
the laboratory has re^dered the tube more transparent to 
the rays of heat. The final deflection thus obtained is 45 
degrees. Here the needle steadily remains, and beyond 
this point it cannot be moTed by any further pumping in 
of the dry air. 

I now shut off the supply of dry air and cease working 
the pump ; the needle sinks, but with great slowness, indi- 
cating a correspondingly Slow diffusion of the aqneous 
vapour of the adjacent air into the dry air of the tube. If 
I wor]^ the pump I hasten the removal of the dry ah*, and 
the needle nnks more speedily, — ^it now points to zero. 
The experiment may be made a hundred limes in sncces- 
sion without any deviation from this result ; on the en- 
trance of the dry air the needle invariably goes up to 45^ 
showing the augmented tran^arency ; on the entrance of. 
the undried air the needle sinks to 0°, showing augmented 
absorption. 

But the»' atmosphere to-day is not saturated with m<Hfl^ 
ture ; hence, if I saturate the air, I may expect to get a 
greater action. I remove the drying apparatus and pat in 
its place a U tube, which is filled with fragments of glass 
moistened by distilled water. Through this tube I force 
the air from the India-rubber bag, and work the pump as 
before. We are now displacing the humid air of the labor- 
atory by still more humid air, and see the oonseqaence. 
The needle moves in a direction which indicates augmented 
opacity, the final deflection being 16**. 

Here then we have substantially the same result as that 
obtained when we stopped our tube with plates of rock- 
salt ; hence the action cannot be referred to a hypothetical 
film of moisture deposited upon the surface of the plates. 
And be it remarked that there is not the slightest caprice 
or uncertainty in these experiments when properly con- 
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ducted. They have been ezecated at different times and 
seasons; the tube has been dismonnted and remounted; 
the suggestions of eminent men who have seen the experi- 
ments, and whose object it was to test the results, have 
been e<Hnplied with ; but no deviation from Uie effects just 
recorded has been observed. The entrance of each kind 
of air is invariably accompanied by its characteristic action ; 
the needle is under the most complete control : in short, no 
experiments hitherto made with solid and liquid bodies, are 
more certain in their execution, than the foregoing experi- 
ments on dry and humid air. 

We can easily estimate the per centage of the entire 
radiation absorbed by the common air betwe^i the points 
c and D. 

Introdudng this tin screen between the experimental 
cylinder and the pile, I shut off one of the sources of heat. 
The deflection produced by the other source indicates the 
total radiation. 

This deflection corresponds to about 1,200 of the units 
which have been adopted throughout these lectures ; that 
unit being the quantity of heat neoessary to move the nee- 
dle from 0° to 1°. The deflection of 46° corresponds to 60 
units ; out of 1,200, therefore, 60 in this instance have been 
destroyed by the moist air. The following statement gives 
us the absorption per hundred : — 

12001 100 = 60; 4-2 

An Absorption of at least 4*2 per cent, was, therefore, 
effected by the atmospheric vapour which occupied the 
tube between c and d. Air perfectly satyrated gives an 
absorption of more than 6 per cent. 

This absorption took place notwithstanding the partial 
sifting of the heat in its pasdage from the source to c, and 
from D to the pile. The moist tdr, moreover, was, prob- 
ably, only in part displaced by the diy. In other expert- 
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ments I found, witb ft tabe 4 feet long, and poUdied within^ 
that the atmospherio vapour, on a day of average drynees, 
absorbed oyer 6 per ceaU of the radiation from onr soarce. 
Regarding the earth as a 0onroe of heat, no doubt, at kasi 
10 per cent of its heat U intercqpited toUhin ten feet of the 
mjofface.^ Tliifl single fSM^t suggests the enormous influence 
which this newly developed property of aqueous vi^ur 
must have in the phenomena of meteorology. 

But we have not yet disposed of all objecticHis. It has 
been intimated to me that the air of onr laboratory 'might 
be impure ; and the susp^ided carbon partides of tibe Lone 
don air have also been referred to, as a possible cause of the 
absorption, ascribed to aqueous vapour. 

I reply : 1st The results were obtuned when* the ap- 
paratus was removed from the laboratory — they are ob- 
tainable in this room. 2ndly. Air was brought from the 
fallowing localities in impervious bs^ i — ^Hyde Park, Prim- 
rose Hill, Hampstead Heath, Epsom Downs (near the 
Grand Stand) ; a field near Newport, Isle of Wight ; St. 
Catharine's Down, Isle of Wight; the sea beach near 
Black-gang' Chine. The aqueous vcqoour of the air from 
all these localiHeSy examined in the usual way^ exerted an 
absorption seventy times that of the air in which the v<zpoitr 
was diffused 

Agidn, I experimented thus. The air of the laboratory 
was dried and purified until its absorption fell below unity ; 
this purified air was then led through a U tube, filled with 
fragments of x)erfectiy clean glass moistened with distilled 
water. Its neutrality, when dry, showed that all prejudi- 
cial substances had been removed from it, a^d in passing 
through the U tube, it could take up nothing but the pure 
vapour of water. Hie vapour thus carried into the ezperi- 



* Under some oircumstances the absorption, I have reason to belieTe, 
oonsiderably exceeds this amount 
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mental tabe prodoced an action ninety times greator tfm« 
that of theair which carried it. 

Bat fair and {diilosophic criticunn does not end even, 
h^e. The tube with which these experiments were made 
is polished within, and it was snrmised that the vapour of 
the hnmid air might, on entering, have deposited itself 
upon the interior surface of the tube, thus diminishing its 
reflective power, and producing an effect apparently the 
same as absorption. But why, I would ask, ^ould such a 
deposition of moisture take place ? On many of the days 
when these experiments were made the air was at least 25 
per cent, under its point of saturation. It can hardly be 
assumed that such air would deposit its moisture oh a me- 
tallic surfSsK^, against tohich^ moreover^ the rays from <mr 
90Ufce of h€<U were at the time impinging. The mere con- 
nderation of tiie objection must deprive it of weight 
Furtiier, the absorption is exerted when only a small frac- 
tion of an atmosphere is introduced into the tube, and it is 
proportional to the quantity of air present. This is shown 
by the following table, which gives the absorption, by hu- 
mid air, at tensions varying from 5 to 30 inches of mercury. 
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98 
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The third column of this table is calculated on the as- 
sumption that the absorption is proportional to the quan- 
tity of vapour in the tube, and the agreement of the calcu- 
lated and observed results show this to be the case, within 
the limits of the experiment. It cannot be supposed that 
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effbotfl 60 regular as these, aod agreeing so completely with 
tho6<d obtained with small quantities of other vaponrs, and 
even with small quantities of the permiment gases, can be 
due to the ckmdensation of the vs^ur on the interior sur- 
face. When, moreover, five inches of air were in the tube, 
less than ^th of the vapour necessary to saturate the space 
was present. Hie dryest day would make no approadbi to 
this dryness. Condensation under these circumstances is 
impossible, and more especially a condensation whidi 
should destroy, by its -action upon the inner reflector, quan- 
tities of heat so accurately proportional to the quantities of 
matter present 

Mj desire, however, was to take this important ques- 
tion quite out of the domain of mere reasoning, however 
strong this might appear. I therefore resolved to abandon 
not only the plates of rocksalt but also the experimental 
tube itself, and to displace one portion of tiie free atmos- 
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phere by another. With this view the following arrange- 
ment was made : — c (fig. 97), a cube of boiling water, is 
our source of heat y is a hollow brass cylinder set up- 
right, 3*5 inches wide, and 7*5 inches high, p is the ther- 
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mo-eleotrio jAe, and c' a compffnaating cube, between which 
and p is an adjusting screen, to regulate the amonnt of ra- 
^ti<m falling <m the posterior surface of the pile. The 
whole arrangement was surrounded by a hoarding, the 
Bpace within which was divided into compartments by 
sheets of tin, and these spaces were stuffed loosely widi 
paper or horsehair. These precautions, which required 
time to be learned, were necessary to prevent the formation 
of local air-currents, and also to intercept the irregular ac- 
tion of the external air. The effect to be measured here is 
very smaU, and hence the necessity of removing all causes 
of disturbance which could possibly interfere with its clear- 
ness and purity. 

A rose-burner r was placed at the bottom of the cylin- 
der Y, and from it a tube passed to an India-rubber bag 
containing mr. The cylinder y was first fiUed with frag- 
ments of rockcrystal, moistened with distilled water. On 
subjecting the India-rubber bag to pressure, the air from it 
was gentiy forced up among tiie fragments of quartz, and 
having there charged itself with vapour it was discharged 
in the space between the cube c and the pile. Previous to 
this the needle stood at zero ; but on the emergence of the 
saturated air from the cylinder, the needle moved and took 
up a final deflection of five degrees. The direction of the 
deflection showed that the opacity of the space between 
the source o and the pi^ was augmented by the presence 
of the saturated air. 

The quartz fragments were now removed, and the cyl- 
inder was filled with fragments of fresh diloride of cal- 
cimn, through which the air was gentiy forced, exactiy as 
in the last experiment. Now, however, in passing through 
the chloride of calcium, it was in great part robbed of its 
aqueous vapour, and the air, thus dried, displaced the com- 
mon air between the source and pUe. The needle moved, 
declaring a permanent deflection of 10 degrees ; the direo- 
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tion of the defleotioii showed that the transparency of the 
space was aagmented by the presenoe of the dry idr. By 
properly timing the discharges of the air, the swing of the 
needle could be aagmented to 15 or 20 degrees. Bepeti- 
tion diowed no deviation from this result ; the satorated 
air always augmented tiie opacity, the dry air always ali- 
mented the tranqMrency of the space between the source 
i|nd the pile. Not only, therefore, have the plates of rock- 
salt been abandoned, but also the ezperimentol tube itself, 
and the results are all perfectly concurrent as regards the 
action of aqueous ^^^pour upon radiant heat. 

Were this subject less important J should not hav^ 
dwelt upon it so long. I thought it right to remove every 
objection, so that meteorologists might appl^, without the 
faintest misgiving, the. results of experiments. The appfr 
cations of these results to thdr science must be innumer- 
able ; and here I cannot but regret that the incompleteness 
of my knowledge prevents me from making the proper ap- 
plications myself. I would, however, ask your permission to 
refer to such points as I can now call to mind, with which 
the facts just established appear to be more or less inti- 
mately connected. 

And, first, it is to be remarked that the vapour which 
absorbs heat tiius greedily, radiates it copiously, llus 
fact must, I imagine, come powerfully into play in the 
tropics. We know that the sun raises from the equatorial 
ocean enormous quantities of vapour, and that immediately 
under him, in the region of calms, the rain, due to the coor 
densation of the vapour, descends in deluges. Hitherto, 
this has been ascribed to the chilling which accompames 
the expansion of the ascending air, and no doubt tfaisi as a 
true cause, nmst produoe its proportional effect. But I 
cannot help thinking that the radiation from the vapour it- 
self is also infiuentiaL Imagine a column of saturated air 
asoending from the equatorial ocean ; for a time the vapout 
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entangled in Urn air, is sarronnded by air almost fUly 
flatnrated. ItB vapour radiates, but it radiates into vapour, 
and &e vapour into it. To the radiation from any vapour, 
a screen of the same vapour is particularly opaque. Hence, 
for a time, the radiation from our ascending column is in- 
tercepted, and in great part returned by the surrounding 
vapour ; condensation under such circumstances cannot oc- 
*cur. But the quantity of aqueous vapour in the air dimin- 
ishes speedily as we ascend ; the decrement of tension, as 
proved by the observations of Hooker, Strachy, and Welsh, 
is much more speedy than that of the air ; and, finally, our 
vaporous column finds itself elevated beyond the protecting 
8(9:'een which, during the first portion of its ascent, was 
spread out above it. It is now in the presence of pure space, 
and into space it pours its heat without stoppage or re- 
ntal. To the loss of heat thus endured, the condensation 
of the vapour, and its torrential descent to the earth, must 
certainly be in part ascribed. 

Similar remarks apply to the formation of cumuli in our 
OWn latitudes ; they are the heads of colunmar bodies of 
vapour which rise from the earth's surface, and are precipi- 
tated as soon as they reach a certain elevation. Thus the 
visible cloud forms the capital of an invisible pillar of sat- 
urated air. Certainly the top of such a column, raised 
above the vapour screen which clasps the earth, and offer- 
ing itself to space must be chilled by radiation ; in this ac- 
tion alone we have a physical cause for the generation of 
douds. 

Mountains act as condoisers, but how? Partly^ no 
doubt, by the coldness of their own masses ; which cold- 
ness they owe to their elevation. Above them spreads no 
vapour screen of sufficient density to intercept their heat, 
which consequently gushes unrequited into space. When 
the sun is withdrawn, this loss is shown by the quick and 
large descent of the thermometer. This descent is not due 
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to radiaticm from the air, but to radiation from the earth, 
or from the therm<»iieter itself. Thus the'difTerence be- 
tween a thermometer which, properly confined, gives the 
true temperature of the night air, uid one which is permit- 
ted to radiate freely towards i^ace, must be greater at high 
elevations than at low ones. This conclusion is entirely 
confirmed by observation. On the Grand Plateau of MoYit 
Blanc, for example, MM. Martins and Bravais found the* 
difference between two such thermometers to be 2^° Fahr.; 
when a difference of only 10^ was observed at ChamounL 

But mountains also act as condensers by the deflection 
upwards of moist winds, and their consequent expansi<m ; 
the chilling thus produced is the same as that which accom- 
panies the direct ascent of a column of warm air into the 
atmosphere ; the elevated air performs work, and its heat 
is correspondingly consumed. But in addition to these 
causes, I think we must take into accoimt the radiant 
power of the moist air when thus tilted upwards. It is 
thereby lifted beyond the protection of the aqueous layer 
which lies close to the earth, and therefore pours its heat 
freely into space, thus effecting its qwn condensation. No 
doubt, I think, can be entertained, that the extraordinary 
energy of water as a radiant, in ail Us states of aggrtgor 
Honj must play a powerful part in the condensation of a 
mountain region. As vapour- it pours its heat into space 
and promotes condensation ; as liquid it pours its heat into 
space and promotes congelation ; as snow it pours its heat 
into space and thus converts the surfaces on which it falls 
into more powerful condensers than they otherwise would 
be. Of the numerous wonderful properties of water, not 
the least important is this extraordinary power which it 
possesses, of discharging the motion of heat upon the in- 
terstellar ether. 

A freedom of escape similar to that fron bodies of 
vapour at great elevations would occur at the earth's sui^ 
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fSwse generally, were'the aqneoits vapour removed firom the 
air above it, for the body of the atmosphere in a practical 
vacumn as regards the transmission of radiant heat. The 
witiidrawal of the smi from any region over which the at- 
mosphere is dry most be followed by quick refrigeratioiL 
Hie moon wonld be rendered entirely mfinhabitable by be- 
ings like onrselves through the operation of this single 
caose ; with an outward radiation uninterrupted by aqueous 
vapour, the difTerence between her monthly maxima and 
minima must be enormous. The winters of Thibet are al- 
most unendurable from the same cause. Witness how the 
isothermal lines dip from the north into Asia, in winter, as 
a proof of the low temperature of this region. Humboldt 
has dwelt upon the * frigorific power ' of the central por- 
tions of this contin^it, and controverted the idea that it 
was to be explained by reference 'to its elevation, for there 
were vast expanses of country, not much above the sea 
level, with an exceedingly low temperature. But not know- 
ing the influence wh^ch we are now studying, Humboldt, I 
imagine, omitted one of the most important of the causes 
which contributed to ^e observed result. Even the ab- 
sence of the sun at night causes powerful refrigeration 
when the air is dry. The removal, for a single summer 
night, of the aqueous vapour from the atmosphere which 
covers England, would be attended by the destruction of 
every plant which a freezing temperature could kilL In 
Sahara, where ^ the soil is fire and the wind is flame,' the 
refrigeration at night is often painful to bear. Ice has been 
formed in this region at night. In Australia, also, the di- 
umal range of temperature is very great, amounting, oom^ 
monly, to between 40 and 50 degrees. In short, it may be 
safely predicted, that wherever the air is dn/j the daily 
thermometric range will be great. This, however, is quite 
different from saying that when tiie air is dear the ther- 
mometric range will be great. Ghreat clearness to light is 
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Fig. 98. 




J. 



perfectly compatible -with great opacity to heat ; the at- 
mosphere may be charged with aqaeouB vapour while a 
deep blae sky is overhead, and on such oocanLOns the t^v 
restrial radiation would, notwithstanding the ^deamess,' 
be intercepted. 

And here we &re led to an easy explanaticm of a £ftct 
which evidently perplexed Sir John Les- 
lie. This celebrated experimenter con- 
structed an instrument which he named 
an CBthriosccpej the function of which 
was to determine the radiation against 
the sky. It consisted of two glass bulbs 
united by a vertical glass tube, so nar- 
row that a little column of liquid was 
supported in the tube by its own adhe- 
sion. The lower bulb d (fig. 98) was 
protected by a metallic envelope, and 
gave the temperature of the air ; the up- 
per bulb B, was blackened, and was sur- 
rounded by a metallic cup c, whidi pro- 
Xtected the bulbjrom terrestrial radia- 
tion. 
* This instrument,' says its inventor, 
^ exposed to the open air in dear weath- 
er will at all times, both during the day 
and the night, incticate an impression of 
cold shot downwards from the higher 
regions. . . . The sensibility of the instrument is very 
striking, for the liquor incessantly falls and rises in the 
stem, with every passing doud. But the cause of its varia- 
tions does not always appear so obvious. Under a fine 
blue sky the cethrioscope will sometimes indicate a cold of 
60 millesimal degrees ; yet on other days, token the air 
seems equaUy brighCj the effect is hardly 30°.' This anom- 
aly is simply due to the difference in the quantity of 
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<olsab' days and ^dby' days. 

AqaeoOB vapour present in the atniosi^ere. In< 
Inmsdf connects the effect with aqueous yapo 
-wcdb, * The pressure of hygrometric moisture 
jHTobably a£fects the instrument.' It is not, h< 
^ pressure ' that is efiectiTe ; the presence of inyii 
intercepted the radiation from the sethrioscop 
absence opened a door for the escape of this ra 
space. As regards experiments on terrestrial 
new definition will have to be given for ^ a di 
b manifest, for example, that in experimeiit 
pyrheliometer,* two days of equal visual ck 
give totally different results. We are also ens 
count for the &ct that tlie radiation from this 
is often intercepted when no doud is seen, 
however, make the constituents of the atm 
vapour included, objects of vision, we should e 
to account for this result. 

Another interesting point on which this si 

besuing is Melloni's theory of sSrein. *Mo 

writes this eminent philosopher, * attribute to 

suiting from the radiation of the air, the exc 

rain which sometimes falls in a clear sky, dur: 

season, a few moments after sunset.' ^ But,' h 

* as no fact is yet known which directly proves 

power of pure and transparent elastic fluids, ii 

me more conformable,' &c., <fec. If the dii 

urged against the theory of serein be its only < 

cry will stand, for transparent elastic fluids are 

to possess the power of radiation which the the< 

•It is not, however, to radiation from the <nr i 

Hng can be ascribed, but to radiation from the 

whose condensation produces the sh'ein. 

Let me add the remark, that as far as I ca 

« The instrament is described in Lecture XD 
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judge, aqaeons vapour and liipiid wat^r absarb the Bame 
class of rays ; this is another way of stating that the ooloxur 
of pure water is shared by its vapour. Li virtue of aqueous 
vapou]:ithe atmoi^here is therefore a blue medium. I be- 
lieve it has been remarked that the colour of the firmamoit- 
al bltfe, and of distant hills, deepens with the amount of 
aqueous vapour in the air ; but the substance which pro- 
duces a vctriatian of depth must be e&etive as an origin 
of color. Whedier the azure of the Ay — ^the most difficult 
question of meteorology, — k-to be thus accounted fur, I 
will not at present venture to enquire. 

Note. 

The fear of being led too &r from my sulject amsesme to witiihold til 
speculadon as to the cause of atmospheric poiarisatioo. I may, however, 
remark that the polarisation of heat was illustrated in Uie lectures by means 
of the mica pUes with which Professor (now Princ^Md) J. D. Forbes first 
Bucceedcd in establishing the fact of polarisation. 

In connexion with the inrestigation of the radiation and absorption of 
heat by gases and vapours, it gives me pleasure to refer to the prompt and 
intelligent aid rendered me by Mr. Becker, of the firm of Elliotts', 80 
West Strand. 

From the more eneigetlc gases and vapours a series of very striking 
class experiments may be derived, hiteresting alike to the chemist and the 
natural philosopher. Mr. Becker has constructed a cheiq> form of apparatus 
suitable for the experiments. Where quantitative results are not required, 
two cubes of hot water, an open tin tube, a thermo-electric pHe, md a 
galvanometer, magnetised, as described in the Af^i^dix to Lectore I., will 
suffice to illustrate the action of the stronger gases and vi^urs. A current 
of air from a common bellows wiU cany the vapour into the tube. 
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EXTRACT FEOM A PAPER IN THE * PHILOSOPHICAL TRANSACTIONS 
FOE 1802/ ON THE ABSORPTION AND RADUTION OF HEAT BY 
GASEOUS MATTER. 

* I WAS engaged in experiments on aqueous yaponrs when my 
other duties compelled me to dose this enquiry for a time. I 
belieye, howeyer, I may safely say that not only is the action of 
aqueous yapour on radiant heat measurable, hut this action may 
1» made tueof a$a measure of atmaspKerie maisturej the tube need 
in iny expermenU leing th/ue ecmterted into a hygrometer of surpass- 
ing deUcaciy. Unhappily, as in other cases touched upon in this 
memoir, I have been unable to giye this subject the developement 
I could -wish ; but the results which I am in a position to record 
are neyertheless interesting. 

' On a great number of occasions I compared the air sent 
directly £rom the laboratory into the experimental tube with the 
same air after it had been passed through the drying apparatus. 
Calling the action of the dry air unity, or supposing it rather to 
oscillate about unity (for the temperature of jny source yaried a 
little from day to day), on the following days the annexed ab- 
soiptions were observed with the undried air of the laboratory : — 

Absorptumshy ZTndried Air. 



October 23rd . 


68 


KoTember Ist 


. 60 


„ 24th .. . 


62 


„ 4th . 


. 68 


„ 29th . 


66 


„ 8th . 


• 49 


„ 8l8t . . 


66 


„ 12th . 


. 62 



^ Nearly /^ths of the aboye effects are due to. aqueous yapour ; 
which, therefore, in some instances exerted nearly sixty times the 
action of the air in tohich it v>as diffused. 

* The experiments which I haye made on aqueous yi^ur haye 
been yery numerous and yaried. Differing as I did from so cau- 
tious and able an experimenter, I spared no pains to secure my- 
self against error. I haye experimented with air moistened in 
18 
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Tarioas ways, sometimes by allowixi^ small bubbles of it to ascend 
through water, sometimes diTiding it, by sending it through the 
pores of common cane immersed in water. Between the diying 
apparatus and the experimental tube I haye introduced tuba 
containing fragments of glass moistened with water, and allowed 
the air to pass over them ; large effects were in all such cases ob- 
tained, the absorption being usually more than eighty timea that 
of dried air. • Fragments of unwetted glass, which had been 
merely exposed to the air of the laboratory, had dried air led 
over them into the experim^[ttal tube ; the absorption was fifteen 
times that of dried air. A roll of bibulous paper, taken from one 
of the drawers of the laboratory, and to all appearance perfectly 
dry, was enclosed in a glass tube, and dry air carried between its 
leaves. The experiment was made five times in succession with 
the same paper, and the following absorptions were observed ; — 

Aboorptloa 



No.1 


72 


No. 2 


. . 62 


No. 8 


62 


No.4 


47 


No. 5 


47 



*' In fact, the action of aqueous vapour is exactly such as might 
be expected fh>m the vapour of a liquid which Melloni found to 
be the most powerfVil absorber of radiant heat of all he had ex- 
amined. 

' Every morning, on coumiencing my experiments, I had an 
interesting example of the power of glass to gather a film of 
moisture on its surface. Suppose the tube mounted and the air 
of the laboratory removed, as far as the air-pump was capable of 
removing it On allowing dry air to enter for the first time, Ihe 
needle would move from 0" to 50**. On pumping out it would 
TCtum to 0", and on letting in dry air a second time it would 
swing almost to 40**. Repeated exhaustions would cause tiiis 
action to sink almost to nothing. These results were entirely due 
to the moisture collected during the night in an invisible film on 
the inner surface of the tube, and which was removed by the air 
on entering, and diffused through the tube. If the dry air en- 
tersd at the end of the tube nearest to *the sonrce^f heat, on the 
first and second admissions, and sometimes even on a third, tile 
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vaponr earned from the waim end to the cold end of the tube 
was precipitated as a mist upon the latter, for a distance some- 
times of nearly a foot. The mist always disappeared on pumping 
out. It is needless to remark that iacts of this character, of 
which I could cite many, were not calculated to promote incau-* 
tiousness or rashness on my part I saw very clearly how easy 
it was to £iJl into the gravest enx>rs, and I took due precautions 

to prevent myself from doing so 

' But, to place the matt^ beyond all doubt, I abolished the 
plates of rocksalt altogether, and operated thus : — ^An India-rub- 
ber bag, B (fig. 99), was filled with air, and to its nozzle a T-piece, 
with the cpcks Q q', was attached. The cock q' was connected 
with two tubes, u'u', each of which was filled with fragments of 
glass moistened with distilled water. The cock q was connected 
with the tubes u u, each of which was filled with fri^gments of 
glass moistened by sulphuric acid. The other ends of these two 
series of tubes were connected with the cocks o o' ; and from the 
T-piece between these cocks a tube led to the end b' of the open 
experimental tube t. The cock A at the other end of the ezperi- 
inental tube was placed in connection with an air-pump. The pile 
p, the screen s, and the compensating cube o' were used as in the 
other experiments, b is the end of the front chamber, and c the 
source of Jieat Bi some experiments I had the end I: closed by a 
plate of rocksalt, in others it was allowed to remain open, a dis- 
tance of about 13 inches intervening between the radiating surface 
and the open end b' of the experimental tube. 

* Closing the cocks q, and o, and opening q' and o', gentlo 
pressure being applied to the bag b, a current of moist air was 
slowly discharged at the end of b' of the experimental tube. The 
pump in connection with a was then worked, and thus by degrees 
the air was sucked into the tube t. The deflection of the galva- 
nometer was 80^, when the moist air filled the tube as completely 
as the arrangement permitted — this deflection being due to the 
predominance of the compensating tube over the radiating 
source c. 

' The cocks q' and o' were now closed, and q and o opened ; 
proceeding as before, a current of dry air was discharged at e', 
and this air was drawn into the tube t in the manner just de- 
flcribed. The moist air was thus displaced by dry; and, while 
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the displacement was going on, the galvanometer was observed 
through the distant telescope. The needle E(bon commenced to 
sink, and slowly went down to zero,, proving that a gre&ter quan- 
tity of heat passed through the dry than through the moist air. 
The wet air was substituted for the dry, and the dry for the wet, 
twenty times in succession, with the same constant result : the 
entrance of the humid air always caused the needle to move from 
0° to 80**, while the entrance of dry air caused it to fall from 
80** to 0*. The air-pump was resorted to, because I found that 
when I attempted to displace the air by the direct force of the 
current from b, the temperature of the pile, or of the source, was 
so affected by the fresh air as to confuse the result. I may jemark 
that not only have I operated thus for days with aqueous vapour, 
but every result which I have obtained with vapours generally 
.has been thus confirmed, so that all doubt as to the applicability 
of the rock-salt plates to researches of this nature may, I think, 
be abandoned.' 



LECTURE XII. 

[April 10, 1862.] 

DIW, — ▲ CLEAR SKT AND CALM BUT DAMP ATM0S7HIBI KXCESSABT TOR 
ITS COPIOUS TORMATION — ^DCWED SUBSTANCES COLDER THAN UNDEWZD 
ORES — DEWED SUBSTANCES BETTER RADLiTORS THAN UNDEWED ONES— 
DEW IS THE CONDENSATION OT THE ATMOSPHERIC VAPOUR ON SUBSTANCES 
WHICH HAVE BEEN CHILLED BT RADIATION — LUNAR RADUTION — CON- 
STITUTION or THE SUN— THE BRIQBT UNES IN THE |PECTRA OF TBB 
METALS — AN INCANDESCENT TAPOUR ABSORBS THE RATS WHICH IT CAN 
ITSELT EMIT — ^KIRCHHOF^S GENERALISATION — FRAUNHOFER^S LINES— «0- 
LAR CHEMISTRY — EMISSION OF THE SUN — ^HERSCBEL AND POUILLET's EX- 
PERIMENTS — MATER*8 METEORIC THEORY — EFFECT OF THE TIDES ON THE 
RARTH*S JtOTATION — ENERGIES OF THE SOLAR SYSTEM — HELMBOLTZ, THOM- 
SON, WATERSTON — RELATION OF THE SUN TO ANIMAL AND TEGBTABLK 
LIFE. 

"TT"rE have learned that our atmosphere is always more 
V V or less charged with aqueous vapour, the condensa- 
tion of which forms our clouds, hail, rain, and snow. I 
have now to direct your attention to one particular case of 
condensation, of great interest and beauty — one, moreover, 
regarding which erroneous notions were for a long time en- 
tertained. I refer to the phenomenon of Dew. The 
aqueous vapour of our atmosphere is a powerful radiant, 
but it is diffiised through air which usually exceeds its own 
mats more than one hundred timea. Not only, then, its 
own heat, but the heat of the larg^ quantity of air which 
surrounds it, must be discharged by the vapour, before it 
can sink to its point of condensation. The retardation of 
chilling due to this cause enables good solid radiators, at 
the emiJi's surface, to outstrip the vapour in their speed of 
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refrigeration ; and hence npon these bodies aqneons vapour 
may be condensed to liquid, or even congealed to hoar- 
frost, while at a few feet above the surface it still main- 
tains its gaseous state. This is actually the case m the 
beautiful phenomenon which we have now to examine. 

We are indebted to a London physician for a true 
theory of dew. In 1818 Dr. Wells published his admirable 
Essay upon this subject. He made his experiments in a 
garden in Surrey, at a distance of three miles from Black- 
friars Bridge. To collect the dew he used little bundles 
of wool, which, when dry, weighed 10 grains each ; and 
having exposed them during a clear night, the amount of 
dew deposited on them was determiued by the augmenta- 
tion of their weight. He soon found that whatever inter- 
fered with the view of the sky from his piece of wool, in- 
terfered also with the deposition of dew. He supported 
a board on four props ; on the board he laid one of his 
wool parcels, and under it a second similar one ; during a 
clear calm night, the former gahied 14 grains in weight, 
while the latteT gained only 4. He bent a sheet of paste- 
board like the roof of a house, and placed underneath it a 
bundle of wool on the grass : by a single night's exposure 
the wool gained 2 grains in weight, while a similar piece 
of wool exposed on the grass, but quite unshaded by the 
roof, collected 16 grains of moisture. 

Is it steam from the earth, or is it fine rain from the 
heavens, that produces this deposition of dew ? Both of 
these notions have been advocated. That it does not arise 
from the (earth is, however, proved by the observation, that 
more moisture was collected on the propped board than on 
the earth's surface under it. That it is not a fine rain is 
proved by the fact, that the most copious deposition occur- 
red on the clearest nights. 

Dr. Wells next exposed thermometers, as he had done 
his wool4)undles, and found that at those places where the 



416 LEcrruBB zn. 

dew fell mosi copiously the tempercOure sank lotoest. On 
the propped board already referred to, he found the tem- 
perature 9^ lower than under it ; beneatli the pasteboard 
roof the thermometer was 10^ -vfarmer than on the open 
grass. He also found that when he laid his thermometer 
upon a grass plot, on a clear night, it sank sometimes 14^ 
lower than a similar thermometer suspended in free air at 
a height of 4 feet above tiie grass. A bit of cotton, placed 
beside the former, gained 20 grains ; a similar bit, beside 
the latter, only 11 grains in weight. 27ie lowering of the 
t€mper<xhjare and the deposition of the dew went hand in 
hand. Not only did the shade of artificial screens inter- 
fere with the lowering of the temperature and the formar 
tion of the dew, but a cloud-screen acted in the same man- 
ner. He once observed his thermometer, which, as it lay 
upon the grass, showed a temperature 12^ lower than the 
air a few feet above the grass, rise, on the passage of some 
douds, until it was only 2^ colder than the air. In fact, as 
the clouds crossed his zenith, or disappeared from it, the 
temperature of his thermometer rose and fell. 

A series of such experiments, conceived and executed 
with singular clearness and skill, enabled Dr. Wells to pro- 
pound a Theory of Dew, which has stood the test of all 
subsequent criticism, and is now universally accepted. 

It is an effect of chilling by radiation. /The upper 
parts of the grass radiate their heat into regions of empty 
space, which,* consequently, send no heat back in return ; its 
lower parts, from the smallness of their conductiDg power, 
transmit little of the earth's heat to the upper parts, whidi, 
at the same time, receiving only a small qumitity firom the 
atmosphere, and none from any other lateral body, must 
remain colder than the air, and condense into dew its watery 
vapour, if this be sufficiently abundant in respect to the 
decreased temperature of the grass.' Why the vapour 
itself, being a powerful radiant, is.not as quickly chilled as 
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ihegmBSyi have already explained, on the ground that the 
vaponr has not^nly its own heat to discharge, but abo that 
of the large mass of air by which it is surrounded. ^ 

Dew being the result of the condensation of atmo- 
spheric vapour, on substances which have been sufficiently 
cooled by radiation, and as oodles differ widely in their * 
iradlative powers, we may expect corresponding differences 
in the deposition of dew. This Wells proved to be the 
case. He often saw dew copiously deposited on grass and 
painted wood, when none could be observed on gravel 
walks adjacent He found plates of metal, which he had 
exposed, quite diy, while adjacent bodies were covered 
with dew : in aU such cases the temp^aiure of the metal 
was found to he higher than thaJt of the detoed substances. 
This is quite in accordaoce with our knowledge that metals 
are the worst radiators. On one occasion he placed a plate 
of metal upon grass, and upon the plate he laid a glass 
thermometer ; the thermometer, after some time, exhibited 
dew, while the plate remained dry. This led himlo sup- 
pose that the instrument, though lying on the plate, did not 
share its temperature. He placed a second thermometer, 
with a giU huJh^ beside the first ; the naked glass ther- 
mometer — a good radiator — remained 9° colder than its 
companion. To determine the true temperature of a body 
IS, I may remark, a difficult task : a glass thermometer, sus- 
pended in the air, will not give the temperature of the air ; 
its own power as a radiant or an absorbent comes into 
play. On a clear day, when the sun shines, the thermom- 
eter will be warmer than the ^ ; oft a clear night, on the 
contrary, the thermometer will be colder than the air. 
We have seen that the passage of a cloud can raise the 
temperature of a thermometer 10 degrees in a fejv minutes. 
This augmentation, it is manifest^ does not indicate a cor- 
responding augmentation of the temperature of the air, but 
18* 
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merely the interception and reflection, bj the doad, of tbe 
rays of heat emitted by the thermometer "• 
^ Dr. Wells applied his principles to thie explanation of 
many curious effects, .and to the correction of many popular 
errors. Moon blindness he irefers to the chill produced by 
radiation into dear space, the shining of the moon being 
merely an accompaniment to the clearness of the atmog- 
phere. The putrefying influence ascribed to the moon- 
beams is really due to the deposition of moisture, as a kind 
of dew, on the exposed animal substances. The nipping 
of tender plants by frost, even when the air of the garden 
is some degree^ above the freeadng temperature is also to 
be referred to chilling by radiation. A cobweb screen 
would be suflScient to preserve them from injury.* 

Wells was the first to expldn the formation, artificially, 
of ice in Bengal, where the substance is never formed nat^ 
urally. Shallow pits are dug, which are partially filled 
with straw, and on the straw flat pans, containing water 
which had been boiled, is exposed to the clear firmament. 
The water is a poweful radiant, and sends off its heat 
copiously into space. The heat thus lost cannot be supplied 
from the earth — ^this source being cut off by the non-con- 
ducting straw. Before sunrise a cake of ice is formed in 
each vessel. This is the explanation of Wells, and it is, no 
doubt, the true one. I think, however, it needd suppl^ 
menting. It appears, from the description, that the con- 

* With reference to this point we have the followix^ beantifnl passage 
in the Essay of Wells : — * I had often, in the pride of half knowledge, smiled 
at the means frequently employed by gardeners to protect tender plants 
from cold, as it appeared to me impossible that a thin mat, or any such 
flimsy substance could prevent them from attaining the temperature of the 
atmosphere, by which alone I thought them liable to be iiyux^ But 
when I had learned that bodies on the surface of the earth become, duriag 
a sdll and serene night, colder than the atmosphere, by radiating their heat 
to the heavens, I perceived immediately a just reason for the practice which 
I had before deemed useless.' 



NOCfrUBNAL BADIATIOK. 419 

dition most suitable for the formation of ice, is not only a 
clear air, but a dry air. The nights, says Sir Robert. 
Barker, most favourable for the production of ice, are those 
which are clearest and most serene, and in which very little 
dew appears ajter midnight. I have italicised a very sig- 
nificant phrase. To produce the ice in abundance, ihe at- 
mosphere must not only be clear, but it must be compara- 
tively free from aqueous vapour. When the straw in 
which the pans were laid became wet, it was always changed 
for dry straw, and the reason Wells assigned for this was, 
that liie straw, by being wetted, was rendered more com- 
pact, and efficient as a conductor. This may have been the 
case, but it is also certain that the vapour rising from the 
wet straw, and overspreading the pans like a screen, would 
check the chill, and retard the congelation. 

With broken health Wells pursued and completed this 
beautiful investigation ; and, on the brink of the grave, he 
composed his Essay. It is a model of wise enquiry and of 
lucid exposition. He made no haste, but he took no rest 
till he had mastered his subject, looking steadfastly into it 
mitil it became transparent to his gaze. Thus he solved 
his problem, and stated its solution in a fashion which ren- 
deis his work imperishable.* 

Since his time various experimenters have occupied 
themselves with the question of nocturnal radiation; but, 
though valuable facts have been accumulated, if we ex- 
cept a supplement contributed by Ji^elloni, nothing of im- 
portance has been added to the theory of Wells. Mr. 
Glaisher, M. Martins, and others, have occupied themselves 
with the subject. The following table contains some re- 
sults obtained by Mr. Glaisher, by exposing thermometers 
at difierent heights above the surface of a grass field. The 

* The tract of Wells is preceded by a personal memoir written by him* 
self. It has the solidity of an essay of Montaigne. 
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dulling observed, when the thermometer waA exposed on 
long grass, is represented bj the number 1,000 ; while the 
succeeding numbers represent the relative chilling of the 
thermometers placed in the positions indicated : 

Il<idiatian, 
Long grass .... 1000 
'One inch above the points of the grass . 671 
Two inches ,, 



Three inches 
Six inches 
One foot 
Two feet 
Four feet 
Six feet 



610 

282 

129 

86 

69 

52 



It may be asked why the therm(»neter, which is a good 
radiator, is not, when suspended in free air, just as much 
chiUcd as at the earth's surface. TVells has answered the 
question. It is because the thermometer, when chilled, 
cools the air in immediate contact with it ; this air oonr 
tracts, becomes heavy, and trickles downwards, thus allow- 
ing its place to be taken by warmer sir. In this way the 
free thermometer is prevented from falling very low be- 
neath the temperature of the air% Hence, also, the neces- 
sity of a still night for the copious formation of dew ; for, 
when the wind blows, fresh air continually circulates amid 
the blades of grass, and prevents any considerable chilling 
by radiation. 

When a' radiator is exposed to a dear sky it tends to 
keep a certain theimometric distance, if I may use the 
term, between its temperature and that of the surrounding 
idr. This distance will depend upon the energy of the 
body as a radiator, but it is to a great extent independ^it 
of the temperature of the air. Thus M. Pouillet has proved 
that in the month of April, when the temperature ofthe air 
was 3*^-6 C, swansdown fell by radiation to — 3°'5 : the 
whole dulling, therefore, was 7^*1. In the month of Jime, 
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when the temperatme of the air was/V^*?5 C^ the tempera- 
ture of the radiating Bwansdown was 10^*64 : the chilling of 
the swansdown by radiation iB here 7^*21 ; almost precisely 
the same as that which occurred in ApriL Thns, while the 
general temperature varies within wide limits, the differ' 
ence of temperature between the radiating body and the 
surroundiDg air, remains sensibly constant. 

These facts enabled Melloni to make an important addi- 
tion to the theory of dew. He found that a glass thermom- 
eter, placed on the ground, is never chilled more than 2^ 
C. below an adjacent thermometer, toUh silvered bulb^ which 
hardly radiates at alL These 2° C, or thereabouts, mark 
the thermometric distance above referred to, which the 
glass tends to preserve betweeen it and the siirrounding 
air. But Six, Wilson, Wells, Parry, Scoresby, Glaishery 
and others, have found differences of more than 10^ C, 
between a thermometer on grass, and a second thermom- 
eter hung a few feet above the grass. How is this to be 
accounted for ? Very simply, according to Melloni, thus : 
—The grass blades first chill themselves by radiation, 2° C. 
below the surrounding air : the air is then chilled by con- 
tact with the grass, and forms around it a cold aerial bath. 
But the tendency of the grass is to keep the above constant 
difference between its own temperature and that of the 
surroundinjlbedium. It therefore sinks lower. The air 
sinks in its turn, being still further chilled by contact with 
the grass ; the grass, however, again seeks to re-establish 
the former difference ; it is again followed by the air, and 
thus, by a series of actions and reactions, the entire stratum 
of air in contact with the grass becomes lowered &r below 
the temperature which corresponds .to the actual radiative 
energy of the grass. 

So much for terrestrial radiation ; that of the moon 
will not occupy us so long. Many futile attempts have 
heStL made to detect the warmth of the moon's beams. No 



422 LXcrruBB zn. 

donbt is entertained that every Inminons ray is also a heat 
ray ; but the light-giving power is not even an approximate 
measure of the calorific energy of a beam. With a largo 
polyzonal lens, Melloni converged an image of the moon 
npon his pile ; bnt he fonnd the cold of his lens f:^ more 
than sufficient to mask the heat, if such there w^re, of the 
moon. He screened off his lens from the heavens, placed 
his pile in the focns of the lens, waited until the needle 
came to zero, and then suddenly removing his screen al- 
lowed the concentrated light to strike his ppe. The slight 
idr-drafts in the place of experiment were sufficient to di^ 
guise the effect. He then stopped the tube in front of his 
pile with glass screens, through which the light went 
freely to the bladc^ied face of the pile, where it was con- 
verted into heat. This heat could not get back through the 
glas8 screen, and thus Melloni, following the example of 
Saussure, accumulated his effects, and obtained a deflection 
of 3^ or 4^. The deflection indicated warmth, and this is 
the only experiment which gives us any positive evidence 
as to the calorific action of the moon's rays. Incomparably 
less powerful than the solar rays in the first instance, their 
action is first enfeebled by distance, and, secondly, by the 
fact that the obecure heat of the moon is almost wholly ab- 
sorbed by our atmospheric vapour. Even^ch obbcure 
rays as might happen to reach the earth woma be utterly 
cut off by such a lens as Melloni made use of. It might be 
worth while to make the experiment with a metallic refleo-. 
tor, instead of with a lens. I have myself tried a conical 
reflector of very large dimensions, but have hitherto been 
defeated by the unsteadiness of the London air. 

We have now to turn our thoughts to the source from 

which all terrestrial and lunar heat is derived. This source 

* is the sun ; for if the earth has ever been a molten sphere, 

which is now cooling, ike quantity of heat which reaches 

its surface fix>m within, has long ceased to be sensible. 
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First, ihffBj let ns enquire what is the oonstitntion of thiB 
irondrotiB body, to which we owe both light and life. 

Let UB approach the subject gradually and prepare our 
minds, by previous discipline, for the treatment of this 
noble problem. You already know how the spectrum of 
the electric light is formed. Here you haye one upon the 
S(»-een, two feet wide and eight long, with all its magnifi- 
cent gradations of colour, one fading into the other, wi^out 
solution of continuity. The light from which this spec- 
trum is derived, is emitted from the incandescent carbon 
pomts within our electric lamp. All other solids give a 
similar spectrum. When I raise this platinum wire to 
whiteness by an electric current, aud examine its light by a 
prism, I find the same gradation of colours, and no gap 
whatever between one colour and the other. But by in- 
tense heat, — ^by the heat of the electric lamp^ for example, 
— ^I can volatilise that platinum, and throw upon the screen, 
not the spectrum of tiie^candescent solid, but of its in- 
candescent vapour. The spectrum is now changed ; instead 
of being a continuous gradation of colours, it consists of a 
series of brilliant lines, separated from each other by spaces 
of darkness. 

I have arranged my pieces of carbon thus : — ^the lower 
one is now a cylinder, about half an inch in diameter, in 
the top of which I have scooped a small h<dlow ; in this 
hollow I place the metal which I wish to examine — say this 
piece of zinc, — and bring down upon it the upper point. 
The current passes ; I draw the points apart, and you see 
the magnificent arc that now unites them; here is. its 
magnified image upon the screen, a fine stream of purple 
light )8 inches long. That coloured space contains the 
particles of the zinc discharged across from carbon to car- 
bon ; these particles are now oscillating in certain definite 
periods, and the colour whixsh we perceive is the mixture 
of impressions due to these oscillations. Let us separate. 
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by a prifion, the coloured stream into its components ; here 
they are, splendid bands of red and blue. Pray remember 
the character and position of these bands, as I shall have 
to refer to them again immediately. 

I intemipt the current ; eject the zinc, and put in its 
place a bit of copper. Here you see a stream of green 
light between the carbons, which we wiU analyse as we 
did the light of the zinc. You can see that die q>ectnim 
of the copper is different from that of the zinc : here you 
have bands of brilliant green, which are absent from the 
zinc. We may therefore infer, with certainty, that the atoms 
of copper, in the voltaic imtc, swing in periods different from 
those of zinc. Let us now see whether these different 
periods crefkte an^ confusion, when we operate upon a sub- 
stance composed of zinc and copper,— 4he familiar sub- 
stance brass. Its spectrum is now before you, and if you 
have retained the impression made by our two last experi- 
ments, you will recognise here ^ spectrum formed by the 
superposition of the two separate spectra of zinc and cop- 
per. The alloy emits, without confusion, the rays peculiar 
to the metals of which it is composed. 

Every metal emits its own system of bands, which are 
as characteristic of it as those physical and chemical quali- 
ties which give it its individuality. By a method of ex- 
periment sufficiently refined we can measure, accurately, the 
position of the bright lines of every known metal. Ac- 
quainted with such lines we should, by the mere inspection 
of the spectrum of any single metal, be able at once to 
declare its name. And not only so, but in the case of a 
mixed spectrum, we should be able to declare the constitu- 
ents of the mixture from which it emanated. • 

This is true, not only of the metals themselves, but also 
of their compounds, if they be volatile. I place a bit of 
sodium on my lower cylinder and cause the voltaic dis- 
chai;ge to pass from it to the upper coal-point ; here is the 
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speotmm of the sodium : a ringle band of brilliant yel- 
low. If I operated with snfficient delicacy I shovld divide 
that band into two, with a narrow dark interval between 
them. I eject the sodium from the lamp and put in its 
j>Iace a Kttle common salt, or chloride of sodimn. At this 
high temperature the salt is volatile, and you see the exact 
yellow band produced by the salt that was given by the 
metal. Thos, also, by means of the chloride of stnmtiom 
I produce the bands of the metal strontium ; by the chlo- 
rides of calcium, magnesium, and lithium; I produce the 
spectra of these respective metals. 

Here, finally, I have a carbon cylinder perforated with 
holes, into which I have stuffed a mixture of all the«com- 
pounds just mentioned ; and there is the spectrum of the 
mixture upon the screen. Surely notlung more magnifi- 
cent can be imagined. Eadi substance gives out its own 
peculiar rays, and thus they cut transversely, the whole 
eight feet of the spectrum jnto splendid pardlel bars of 
coloured light. Having previously made yourselves ac- 
quainted with the lines emitted by all the metals, you 
would be able to unravel this spectrum, and to tell me what 
substances I have employed in its production. 

I make use of the voltaic arc simply because its light 
is so intense as to be visible to a large audience like the 
preseuty but I might make the same experiments with a 
common Mow-pipe flame, which is nearly deprived of light 
by the admixture of air or oxygen, llie introduction of 
fiodium, or chloride of sodium, turns the flame yellow; 
strontium turns it red ; copper green, &c. The flames thus 
coloured, when exammed by a prism, show the exact bands 
which I have displayed before you on the screen. 

We have already learned that gases and vapours absorb 
the rays of heat, the heat that we employed being obscure. 
I have no doubt that if those rays could make an impres- 
sion upon tiie eye — ^if I eould spread them out before you 
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like the colonra of the spedtmm— yoa would &id oa^tain 
classes of rays selected, in each case, for destnictioii, the 
others being allowed free passage through the Yi^KHirs. 
A famous experiment of Sir David Brewster's, whidi I 
will throw into a form suited to the lecture room, will 
enable me to illustrate this power of selection in the case 
of light. Into this cylinder, the ends of which are stopped 
by plates of glass, I introduce a quantity of nitrous acid 
gas, the presence of which is now indicated by its rich 
brown colour. I project a spectrum on the screen, eight 
feet long and nearly two in width, and I place this (^iin- 
der, containing the brown gas, in the path of the beam as 
it isiil^es from the lamp. You see the effect ; the contin- 
uous spectrum is now furrowed by numerous dark bands, 
the rays answering to which are struck down by the nitric 
gas, while it permits the intervening bands of light to pass 
without hindrance. 

We must now take a step in advance of the prinpiple of 
reciprodtjjv, which I have already enunciated. Hitherto 
we have K>und m gases, liquids, and solids, that the good 
absorber is the good radiator ; we must now go further and 
state, that a gas or vcgpour^ absorbs those preciae rt^ys which 
it can UseffemU ; the atoms which swing at a certain rate 
intercept the waves excited by atoms swinging at the same 
rate. The atoms which vibrate red light wiQ stop red 
light; the atoms that oscillate yellow will stop yellow; 
those that oscillate green will stop green, and so of the 
rest. Absorption, you know, is a transference of motioa 
from the ether to the particles immersed in it, and the ab- 
sorption of any atom is exerted chiefly upon those waves 
which arrive in periods that correspond with the aUM&'s 
own rate of oscillation, u 

Let us endeavour to prove thb experimentally. We 
idready know that a sodium flame, when analysed, gives ub 
a brilliant double band of yellow. Here is a flat vesael 
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oontidniiig a mixtnre of alcohol and water ; I warm the 
mixture and ignite it : it gives a flame which is so feebly 
Inminons as to be scarcely visible. I now mix salt with 
the liquid, and again ignite it ; the flame, which a moment 
ago was scarcely to be seen, is now a^ brilliant yellow. I 
project a continuous spectrum upon the screen, and in the 
traok of the beam, as it issues from the electric lamp, I 
place the yellow sodium flame. Observe the spectrum nar- 
rowly : you see a flickering gray band in the yellow of the 
spectrum ; sometimes it is shaded deeply enough to show 
yon all that the flame has, at least in part, intercepted the 
yellow band of the spectrum : it has partially absorbed the 
precise light which it can itself emit. 

But I wish to make the effect plainer, and therefore 
abandon the alcohol light, and proceed thus: here is a 
Bunsen's burner, the flame of which is intensely hot, 
though it hardly emits any light. I place the burner in 
front of the lamp, so that the beam, whose decomposition 
is to form our spectrum, shall pass through the flame. I 
have here a little net of platinum wire, in which I place a 
bit of the metal sodium, about the size of a pea. I also set 
op a pasteboard shade, which shall cut off the light emitted 
by the sodium, from the screen on which the spectrum 
falls. And now I am ready to make the experiment. 
Here, then, in the first plaee, is the spectrum. I now in- 
troduce the platinum net in front of the lamp ; the sodium 
instantly colours the flame intensely yellow, and you see a 
shadow coming over the yellow of the spectrum. But the 
effect is not yet at its maximum. The sodium jiovr sud- 
denly bursts into intensified combustion, and there you see 
the yellow dug utterly out of the spectrum, and a bar of 
intense darkness in its place. This violent combustion will 
endure for a littie time. I withdraw the flame, the yellow 
reappears upon the sordn; I reintroduce it, the yellow 
band is cut out. This I can do ten times in succession. 
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and in the whole range of optics I do not think there is a 
more Btriking experiment. Here, then, we have condth 
sively proved, that the light which the sodium flame ab- 
sorbs is the predse light which it can emit. 

Let me be still more precise in my experiment. The 
yellow of the q)ectrmn spreads over a widish interval ; and 
I wish now to show you that it is the particular portion 
of the ydlow which the sodium emits, that is absorbed by 
its flame. I place a little salt solution on the ^ids of my 
coal points ; you now see the continuous spectrum with the 
yellow band of the sodium brighter than the. rest of the 
yellow. It is thus clearly defined before your eyes. I 
again place the sodium flame in front, and that particular 
band which now stands out from the spectrum is cut away 
— a space of intense gloom occupying its place. 

You have already seen a spectrum, derived from a mix- 
ture of various substances, and which was composed of a 
succession of sharply defined and brilliant bars, separated 
from each other hj intervals of darkness. Could I take 
the mixture which produced that striped q)ectrum, and 
raise it, by means of Bunsen's burner, to a temperature 
sufficiently intense to render its vapours incandescent ; on 
placing its flame in the path of a beam producing a eontin- 
uous spectrum, I ^ould cut out of the latter the precise 
rays emitted by the components of my mixture. I diovdd 
thus, instead of furrowing my spectrum by a single dark 
band, as in the case, of sodium, furrow it by a series of 
dark bands, equal in number to the bright bands produced, 
when the mixture itself was the source of light. 

I think we now possess knowledge sufficient to nuse us 
to the level of one of the most remarkable generalisations 
of our age. When the light of the ^un is properly dec(»n- 
posed, the spectrum is seen furrowed by innumerable dcark 
lines. A few of these were obsAred, for the flrst time, 
by Dr. WoUaston ; but they were investigated with pro- 



fbaunhofsb's lines. 429 

found skill by Fnmnhofer, and called, after him, Fraon- 
hofer's lines. It has long been supposed that these dark 
spaces were caused by the absorption of the rays which 
correspond to them, in the atmosphere of the smi ; but no- 
body knew how. Having once proved that an incandescent 
vapour absorbs the precise rays which it can itself emit, 
and knowing that the body of the sun is surrounded by an 
incandescent photosphere, the supposition at once flashes 
on the mind, that this photosphere may cut off those rays 
of the central incandescent orb, which the photosphere 
itself can emit. We are thus led to a theory of the con- 
stitution of the sun, which renders a complete account of 
the lines of Praunhofer. 

The sun consists of a central orb, liquid or solid, of ex- 
ceedmg brightness, which, of itself, would give a contin- 
uous spectrum, or in other words, which emits all kinds of 
rays. These, however, have to pass through the photo- 
sphere, which wraps the sun like a flame, and this vaporous 
envelope cuts ofl* those particular rays of the nucleus which 
it can itself emit — ^the lines of Fraunhofer marking the* 
position of these failing rays. Could we abolish the cen- 
tral orb, and obtain the spectrum of the gaseous envelope, 
we should obtain a striped spectrum, each bright band of 
which would coincide with one of Fraunhofer's dark lines. 
These lines, therefore, are spaces of relative, not of abso^ 
lute darkness ; upon them the rays of the absorbent photo- 
sphere fall ; but, these not being sufficiently intense to make 
good the light intercepted, the spaces which they illuminate 
are dark, in comparison to the general brilliancy of the 
spectrum. 

It has long been supposed that sun and planets have 
had a common ori^, and that hence the same substances 
are more or less common to them all. Can we detect the, 
presence of any of our terrestrial substances in the sun ? I 
have said that the bright bands of a metal are character* 
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istio of ihe metal ; that we can, without seeuig the metal, 
declare its name from the inspeetaon of the bands. The 
bands are, so to speak, the voice of the metal declaring its 
presence. Hence, if any of our terrestrial metals be con- 
tained in the son's atmosphere, the dark lines which they 
produce ought to coincide exactly with the bright lines 
emitted by the yapour of the metal itself. In the case of 
the siogle metal iron, about 60 bright lines have been de- 
termined as belonging to it. When the light from the 
incandescent yapour of iron, obtained by passing elec- 
tric sparks between two iron wires, is allowed to pass 
through one-half of a fine slit, and the light of the sim 
through the other half, the spectra from both sources of 
light may be placed together ; and when this is done it is 
found that for every bright line of the iron spectrum there 
is a dark line of the solar spectrum. Reduced to actual 
calculation, this means that the chances are more than 1,000,- 
000,000,000,000,000 to 1 that iron is in the atmosphere of 
the sun. Comparing the spectra of other metab in the 
isame manner. Professor Eirchhof, to whose genius we owe 
this splendid generalisation, finds iron, calcium, magnesium, 
sodium, chromium, and other metals, to be constituents of 
the solar atmosphere, but as yet he has been unable to de- 
tect gold, silver, mercury, aluminium, tin, lead, arsenic, or 
antimony. 

I can imitate in a way more precise than that hith^to 
employed, the solar constitution here supposed. I place in 
the electric lamp a cylinder of carbon about half an inch 
thick ; on the top, and round about the edge of the cylin- 
der, I place a ring of sodium, leaving the central porticm 
of the cylinder dear. I bring down the upper coal point 
upon the middle of the cylinder's upper surface, thus pro- 
ducing the ordinary electric light. The proximity of tMs 
light to the sodium is sufficient to volatilise the latter, and 
thus I surround my little central sun with an atmosphere 
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Fig. 100. 



of Bodiom TBipovTj as the real stm is smroimded bj its 
photCNsphere. In the spectnun of this light you see the yel- 
low band is absent. 

The energy of solar emission 
has been measured by Sir John 
Herschel at the Cape of Good 
Hope, and by M. Pooillet in 
Paris. The agreement between 
the measnrem^its is very re- 
markable. Sir John Herschel 
finds the direct heating effect of . 
a vertical smi, at the sea level, to 
be competent to melt 0-00754 of 
an inch of ice per minute ; wlule 
according to M. Pouillet, ihe 
quantity is 0*00703 of an inch. 
The mean of the determinations 
cannot be far from the truth; 
this gives 0*00728 of an inch of 
ice per minute, or nearly half an 
inch per hour. Before you (fig. 
100) I have placed an instrument 
similar in form to that used by 
M. Pouillet, and called by him a 
pyrheliometer. The particular in- 
Btrument which you now see is composed of a shallow cylin- 
der of steel, a a, which is filled with mercury. Into the cylin- 
der this thermometer d^ is introduced, the stem of which is 
protected by a piece of brass tubing. We thus obtain the 
temperature of the mercury. The flat end of the cylinder 
IS to be turned towards the sun, and the surface thus pre- 
sented is coated with lampblack. Here is a coUar and 
screw, cc, by means of which the instrument may be at- 
tached to the stake driven into the ground, or into the 
•now, if the observations are made at considerable heights. 
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It 18 necessary that the enrface which rec^yes the sun's 
rays should be perpendicular to the rays, and this is secured 
by appending to the brass tube which shields the stem of 
.the thermometer, a disk, 6 e, of precisely the same diameter 
as the steel cylinder. When die shadow of the cylmder 
accurately covers the disk, we are siire that the rays fall, 
as perpendiculars, on the upturned surface of the cylinder. 
The observations are made in the following manner :— 
Finft, the iustrument is permitted, not to receive the son's 
rays, but to radiate its own heat for five minutes against 
an unclouded part of the firmament ; the decrease of the 
temperature of the mercury ccmsequent on this radiation ifl 
then noted. Next, the instrument is turned towards the 
sun, so that the solar rays fall perpendicularly upon it for 
five minutes, — ^the augmentation of temperature ift now 
noted. Finally, the instrument is turned again towards 
the finnament, away from the sun, and allowed to radiate 
for another five minutes, the sinking of the thermometer 
being noted as before. You might, perhaps, suppose that 
exposure to the sun alone would be sufficient to determine 
his heating power ; but we must not forget that during 
the whole time of exposure to the sun's action, the black- 
ened surface of the cylinder is also radiating into space; 
it is not therefore a case of pure gain : the heat received 
from the sun is, in part, thus wasted, even while the ex- 
periment is going on ; and to find the quantity lost, the 
first and last experiments are needed. Li order to obtain 
the whole heating power of the sun, we must add to his 
observed heating power, the quantity lost during the time 
of exposure, and this quantity is the mean of the first and 
last observations. Supposing the letter n to represent the 
au^entation of temperature by five minutes' exposure to 
the sun, and that t and t' represent the reductions of t^n^ 
perature observed before and afler, then the whole foroe 
of the sun, which we may call t, would be thus expressed: 
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The surface on which the sun's rays here faU is known ; 
the quantity of mercury within the cylinder is also known ; 
hence we can express the effect of the sun's heat upon a 
given area, by stating that it is competent, in five minutes, 
to raise so much mercury, or so much water, so many de- 
grees in temperature. Water indeed, instead of mercury, 
was used in M. Pouillet's pyrheliometer. 

The observations were made at different hours of the 
day, and, hence, through different thicknesses of the earth's 
atmosphere ; augmenting from the minimum thickness at 
noon, up ot the maximum at 6 p. m., which was the time of 
the latest observation. It was found that the solar energy 
diminished acoordmg to a certam law, as the thickness 
of the air crossed by the sunbeams increased ; and from 
this law M. Pouillet was enabled to infer what the atmos- 
pheric absorption of a beam would be, if directed down- 
wards to his instrument from the zenith. This he found 
to be 25 per cent. Doubtless, this absorption would be 
chiefly exerted upon the longer undulations emitted by the 
sun, the aqueous vapour of Our air, and not the air 
its^, being the main agent of absorption. Taking into 
iBMXSOunt the whole terrestrial hemisphiere turned towards 
the sun, the amount intercepted by the atmospheric en- 
velope is four-tenths of the entire radiation in the direction 
of the earth.^ Thus, were the atmosphere removed, the 
illuminated hemisphere of the earth would receive nearly 
twice the amount of heat from the sun that now reaches 
it. , The total amount of solar heat received by the earth 
in a year, if distributed uniformly over the earth's surface, 
would be sufficient to liquefy a layer of ice 100 feet thick, 
and covering tbe whole earth. 

Knowing thus the annual receipt of the earth, we can 
calculate the entire quantity of heat emitted by the sun in 
19 
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a year. Conoeive a hollow sphere to sorroimd the son, its 
centre being the son's centre, and its surface at the dis- 
tance of the earth from the son. The section of the earth 
cut by this surface, is to the whde area of the hollow 
sphere, as 1 : 2,300,000,000 ; hence, the quantity of solar 
heat intercepted by the earth is only j^jvv^^zwv o^ ^ 
total radiation. 

The heat emitted by the sun, if used to melt a stratum 
of ice applied to the sun's surface, would liquefy the 
ice at the rate of 2,400 feet an hour. It would boil, per 
hour, 700,000 millions of cubic miles oi ice-cold water. 
Expressed in another form, the heat given out by the sun, 
per hour, is equal to that which would be generated by the 
combustion of a layer of solid coal, 10 feet thick, entirely 
surrounding the sun ; hence, the heat emitted in a year is 
equal to that whidi would be produced by the combustion 
of a layer of coal 1*1 miles in thickness. 

These are the results of direct measxurement ; and 
should greater accuracy be conferred on them by future 
determinations, it will not deprive them of their astound- 
ing character. And this expenditure has been going on 
for ages, without our being able, in historic times, to de- 
tect the loss. When the tolling of a bell is heard at a dis- 
tance, the sound of each stroke soon sinks, the sonoroos 
vibrations are quickly wasted, and renewed strokes are 
necessary to maintain the sound. like the bell, 

Die Sonne tont nach alter Weise. 

But how is its tone sustained ? How is the per^mial 
loss of the sun made good ? We are apt to overlook the 
wonderful in the common. Possibly to many of us — ^and 
ev«tt to some of the most enlightened among us — the snn 
appears as a fire, differing from our terrestrial fires only in 
the magnitude and intensity of its combustion. But what 
is the burning matter which can thus maintain itself? Al] 
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that we know of oosmioal phenomena declares our brother-^ 
hood with the sun, — affirms that the same constituents 
enter into the composition of his mass as those abeady 
known to chemistry. But no earthly substance with which 
we are acquainted— no substance which the fall of meteors 
has landed on the earth — would be at aU competent to 
maintain the sun's c<Hnbusti(m* The chemical energy of 
Bach substances would be too weak, and their dissipation 
would be too speedy. Were the jsun a solid block of coal, 
and were it allowed a sufficient supply of oyygen, to enable 
it to bum at the rate necessary to produce the obseired. 
emission, it would be utterly consumed in 5,000 years. 
On the other hand, to imagine it a body originally en- 
dowed with a store of heat — ^a hot globe now cooling — 
necessitates the ascription to it of qualities, wholly differ- 
ent from those possessed by terrestrial niatter. If we knew 
the specific heat of the sun, we could calculate its rate of 
cooling. Assuming this to be the same as that of water — 
the terrestrial substance which possesses the highest spe- 
cific heat— at its present rate of emission, the entire mass 
of the sun would cool down 16,000'' Faht. in .5,000 years. 
In short, if the sun be formed of matter like our own, 
some means must exist of restoring to him his wasted 
power. 

The facts are so extraordinary, that the soberest hy- 
pothesis regarding them must appear wild. The sun we 
know rotates upon his axis ; he turns like a wheel once in 
about 25 days: can it be the friction of the periphery 
of this wheel against something in surrounding space 
which produces the light and heat ? Such a notion has 
been entertained. But what forms the brake, and by what 
agency is it held, while it rubs against the sun ? The ac- 
tion is inconceivable ; but, granting the existence of the 
brake, we can calculate the total amount of heat which the 
sun could generate by such friction. We know his mass, 
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we know his time of rotation ; we know the mechanical 
equivalent of heat ; abd from these data we deduce, with 
certainty, that the entire force of rotation, if converted into 
heat, would cover more than one, but less than two cen- 
turies of emission.*' There is no hypothesis involved in 
this calculation. 

There is another theory, which, hpwever bold it may, at 
first sight, appear, deserves our earnest attention. I have 
already referred to it as the Meteoric Theory of the sun's 
heat Sol&r space is peopled with ponderable objects: 
.Kepler's celebrated statement that ^ there are more comets 
in the heavens than fish in the ocean,' refers to the fact 
that a small portion only of the total number of comets be- 
longing to our system, are seen from the earth. But 
besides comets, and planets, and moons, a numerous class 
of bodies belong to our system, — ^asteroids, which, from 
their smallness, might be regarded as cosmical atoms. Like 
the planets and the comets these smaller bodies obey the 
law of gravity, and revolve on elliptic orbits round the son ; 
and it is they, when they come within the earth's atmo- 
sphere, that, fired by friction, appear to us as meteors and 
falling stars. 

On a bright night, 20 minutes rarely pass at any part 
of the earth's surface without the appearance of at least 
one meteor. At certain times (the 12th of August and the 
14th of November) they appear in enormous numbers. 
During nine hours of observation in Boston, when they were 
described as fallmg as thick as snowfiakes, 240,000 meteors 
were calculated to have been observed. The number fall- 
ing in a year might, perhaps, be estimated at hundreds or 
thousands of millions, and even these would constitute but 
a small portion of the total crowd of asteroids that circu- 
late round the sun. Frcnn the phenomena of light and 

* Meyer Dynamtk des Hizomels, p. 10. 
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beat, and by the direct observations of Encke on bis comet, 
we learn that the universe is filled by a resisting medium, 
through the friction of which all the masses of our system 
are drawn gradually towards the sun. And though the 
larger planets show, in historic times, no diminution of 
their periods of revolution, this may not hold good for the 
smaller bodies. In the time required for the mean distance 
of the earth from the sun to alter a single yard, a small 
asteroid may have approached thousands of miles nearer to 
onr central luminary. 

Following up these reflections we should infer, that 
while this immeasurable stream of ponderable matter rolls 
imceasingly towards the sun, it must augment in density 
as it approaches its centre of convergence. -And here the 
conjecture naturally rises, that that weak nebulous light, 
of vast dimensions, which embraces the sun— the Zodiacal 
light — may owe its existence to these crowded meteoric 
masses. However this may be, it is at least proved that 
this luminous phenomenon arises from matter which cir- 
culates in obedience to planetary laws ; the entire mass 
constituting the zodiacal light must be constantly ap- 
proaching, and incessantly raining its substance down 
upon the sun. 

We observe the fall of an apple and investigate the law 
which rules its motion. In the place of the earth we set 
the sun, and in the place of the apple we set the earth, and 
thus possess ourselves of the key to the mechanics of the 
heavens. We now know the connection between height 
of fall, velocity, and heat of the surface of the earth. In 
the place of the earth let us set the sun, with 300,000 times 
the earth's mass, and, instead of a fall of a few feet, let us 
take cosmical elevations ; we thus obtain a means of gen- 
erating heat which transcends all terrestrial power. 

It is easy to calculate both the maximum and the mini- 
mum velocity, imparted by the sun's attraction to an as- 
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teroid droalatang round hba ; the nwixiTmim is geneittted 
when the body approaehes ibe 01m from an infinite dis- 
tance ; the entirepuU of the sun being then expended xtpon 
it ; the minimmn is that velooity which wonld barely en- 
able the body to revolve round the son dose to his snrEace. 
The final velodty of the former, just before striking the 
snn, would be 390 miles a seccmd, that of the latter 276 
miles a second. The asteroid, on striking the sun with the 
former velocity, would develope more than 9,000 times the 
heat generated by the combustion of an equal asteroid of 
solid coal ; while the shock, in the latter case, would gen- 
ei*ate heat equal to that of the combustion of upwards of 
4,000 such asteroids. It matters not, therefore, wh^her 
the substances falling into the sun be combustible or not; 
their being combustible would not add sensibly to the tre- 
mendous heat produced by their mechanical collision. 

Here tiiien we have an agency competent to restore his 
lost energy to the sun, and to maintain a temperature at 
his surface which transcends all terrestrial combustion. 
The very quality of the solar rays — ^their incomparable 
penetrative power— enables us to infer that the tempera- 
ture of their origin must be enormous ; but in the fiaJl of 
asteroids we find the means of producing such a temperar 
ture. It may be contended that this showering down of 
matter must be accompanied by the growth of the sun in 
size ; it is so ; but the quantity necessary to produce the 
observed calorific emission, even if accumulated for 4,000 
years, would defeat the scrutiny of our best instruments. 
If the earth struck the sun it would utterly vanish from 
perception, but the heat developed by its shock would 
cover the expenditure of the sun for a century. 

To the earth itself apply considerations similar to those 
which we have applied to the sun. Newton's theory of 
gravitation, which ^lables us, from the present form of 
the earth, to deduoe its original state of aggregation, re- 
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veals to US, at the same time, a sooroe of beat powerful 
enough to bring about the fluid state — ^powerM enough to 
fuse even worlds. It teaches us to regard the molten con* 
dition of a planet as resulting from the medianical union 
of eosmieal masses, and thus reduces to the same homo- 
geneous process, the heat stored up in the body of the 
earth, and the heat emitted by &e sun. 

Without doubt the whole surface of the sun displays an 
unbroken ocean of fiery fluid matter. On this ocean rests 
an atmosphere of glowing gas — ^a flame atmosphere, or 
photosphere. But gaseous substances, when compared with 
solid ones, emit, even when their temperature is very high, 
only a feeble and transparent light. Hence it is probable 
that the dazzling white light of the sun comes through the 
atmosphere, from the more solid portions of the surface.* 

There is one other consideration connected with the 
permanence of our present terrestrial conditions, which is 
well worthy of our attention. Standing upon one of the 
London bridges, we observe the current of the Thames re- 
versed, and the water poured upwards twice a-day. The 
water thus moved rubs agarost the river's bed and sides, 
and heat is the consequence of this friction. The heat thus 
generated is, in part, radiated into space, and there lost, as 
far as the earth is concerned. What is it that supplies 
this incessant loss ? The earth's rotation. Let us look a 
little more closely at this matter. Imagine the moon fixed, 
and the earth turning like a wheel from west to east in its 
diurnal rotation. A mountain on the earth's surface, on 
approaching the moon's meridian, is, as it were, laid hold 
of by the moon ; forms a kind of handle by which the 
earth is pulled more quickly round. But when the meridian 
is passed the pull of the moon on the mountain would be 

• I am quoting here firom iCajer, but this is the exact riew bow enter- 
fiuned by Eirdihof. We see the boM or liquid mass of the Bun through 
hiB photoflphere. 
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in the opposite direction ; it now tendfi to ^jiminiuli the 
velocity of rotation as much as it previously augmented it ; 
and thus the action of all fixed bodies on the earth's sur- 
face is neutralised. 

But suppose .the mountain to lie alteays to the east of 
the moon's meridian, the pull then would be always exert- 
ed against the earth's rotation, the velocity of which would 
be diminished in a degree corresponding to the strength of 
the pull 2%e tidal toave occupies this position — ^it lies al- 
ways to the east of the moon's meridian ; the waters of the 
ocean are, in part, dragged as a brake along the surface af 
the earth, and as a brake they must diminish the velocity 
of the earth's rotaticm. The diminution, though inevitable, 
is, however, too small to make itself felt within the period 
over which observations on the subject extend. Suppos- 
ing, then, that we turn a null by th^ action of the tide, and 
produce heat by the friction of the millstones ; that heat 
has an origin totally different from the heat produced by 
another pair of millstones which are tu^ed by a mountain 
stream. The former is. produced at the expense of the 
earth's rotation ; the latter at the expense of the sun's ra^ 
diation, which lifted the millstream to its source.* 

Such is an outline of the Meteoric Theory of the sun's 
heat, as extracted from Mayer's Essay on Celestial Dynam- 
ics. I have held closely to his statements, and in most 
cases simply translated his words. But the sketch conveys 
no adequate idea of the firmness and consistency with 
which he has applied his principles. He deals with true 
causes ; and the only question that can affect his theory re* 
fers to the quantity of action which he has'ascribed to these 
causes. I do not pledge myself to this theory, nor do I ask 
you to accept it as demonstrated ; still it would be a great 
mistake to regard it as chimerical. It is a noble specula- 

• Bjnamlk des Himmels. p. 88, &o. 
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tion ; and d^nd upon it, the tme theory, if this, or some 
form of it, be not the tme one, will not appear less wild or 
less astoonding.* 

Mayer published his £ss£^ in 1648 ; five years after- 
wards Mr. Waterston sketched, mdependently, a similar 
theory, at the Hull Meeting of the British Association. 
The Transactions of the Royal Society of Edinburgh for 
1854 contain an extremely beautiM memoir, by Professor 
"William Thomson, in which Mr. Waterston's sketcb is de- 
veloped. He considers that the meteors which are to fm^ 
nish stores of energy for our future sunlight, lie prindpaily 
within the earth's orbit, and that we see them there, as the 
Zodiacal Light, ' an illuminated shower, or rather tornado, 
of stones ' (Herschel, § 897). Thus he points to the precise 
source of power previously indicated by Mayer. ' In con- 
clusion, then,' writes Professor Thomson, ' the source of 
energy from which solar heat is derived is undoubtedly 
meteoric. . . . The principal source — perhaps the sole ap- 
preciable efficient source — ^is in bodies circulating round the 

* While preparing these sheets finally for press, I had occasion to loo||: 
once more into the writings of Mayer, and the effect was a revival of the 
interest with which I first read them. Dr. Mayer was a working physician 
in the little German town of Heilbronn, who, in 1840, made the observation 
that tiie Tenons blood of a feverish patient in the tropics was redder than 
in more northern latitudes. Starting from this fact, while engaged in the 
duties of a laborious profession, and apparently without a single kindred 
spirit to support and animate him, Mayer raised his mind to the level 
indicated by the references made to his works, throughout this book. In 
1842 he published his first memoir * On the Forces of Inorganic Nature ; ' 
in 1845, his * Organic Motion' was published ; and in 1848, his * Celestial 
Dynamics * appeared. After this, his overtasked brain gave way, and a 
doud settled on the intellect which had accomplished so much. The shade 
however, was but temporary, and Dr. Mayer is now restored. I have never 
seen him, nor has a line of correspondence ever passed between us. 
Modestly and noiselessly he has done his work ; and having spoken of his 
merits, as accident made it my duty to speak, I confidently leave to history 
the care of his fame. 
19» 
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8im at present inside the earth's orUt, and probably seen 
in the sunlight by ns called ^ Zodiacal Light." The store 
of energy for future sunlight is at present partly dynamical 
— ^that of the motions of these bodies round the sun ; and 
partly potential — ^that of their gravitation towards the sun. 
This l£^?ter is gradually being spent, half against the resi^ 
ing medium, and half in causing a continuous increase of 
the former. Eadi meteor thus goes on moving fkster and 
faster, and getting nearer and nearer the ceiitre, until some 
time, very suddenly, it gets so much entangled in the solar 
atmosphere as to be^ to lose velocity. In a few seconds 
more it is at rest on the sun's surface, and the ^lergy given 
up is vibrated across the district where it was gathered 
during so many ages, ultimately to penetrate, as light, the 
remotest regions of space.' 

From the tables published by Prof. Thomson I extract 
the foUowing interesting data; firstly, with reference to 
the amount of heat equivalent to the rotation of the sun 
and planets round their axes ; the amount, that is, which 
would be generated, supposing a brake applied at the sur- 
faces of the sun and planets, untU the motion of rotation 
was entirely stopped: secondly, with reference to the 
amount of heat due to the sun's gravitation — ^the heat, 
that is, which would be developed by each of the planets 
in falling into the sun. The quantity of heat is expressed in 
terms of the time during which it would cover the solar 
emission. 
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The heat of rotati<m of the sttn and planets, taken aU 
together, would cover tiie solar emission for 184 years; 
while the heat of grayitation (that produced by falling into 
the sun) would cover {he emission for 45,589 years. There 
is nothing hypothetical in these results ; they follow directly 
and necessarily from the application of the mechanical 
equivalent of heat to cosmical masses. 

Helmholtz has shown that if the solar system has ever 
been a nebulous mass of extreme tenuity, the mechanical 
force equivalent to the mutual gravitation of the particles 
of such a mass would be 454 times the quantity of mechan- 
ical force which we now possess in our system ; |f f ths of 
the gravitating tendency has been already satisfied and 
wasted as heat. The ^j^th that remains to us would, how- 
ever, if converted into heat, raise the temperature of a mass 
of water, equal to the sun and planets in weight, 28 mil- 
Eons of degrees Cent^rade. The heat of the lime light, it 
may be remarked, is estimated at 2,000** C. ; of a tem- 
perature of 28,000,000® C. we can therefore form no con- 
ception. If our entire system were pure coal, by the com- 
bustion of the whole of it only 5 jVyth of the above enor- 
mous amount of heat would be generated. 

* But,* continues Helmholtz, ' though the store of our 
planetary system is so immense as not to be sensibly dimin- 
ished by the incessant emission which has gone on during 
the period of man's history, and though the time which 
must elapse before a sensible change in the condition of 
our planetary system can occur is totally incapable of 
mealiurement, the inexorable laws of mechanics show that 
this store, which can only suffer loss, and not gain, must 
finally be exhausted. Shall we terrify ourselves by this 
thought ? Men are in the habit of measuring the greatness 
of the universe, and the wisdom displayed in it, by the du- 
ration and the profit which it promises to their ovm race ; 
but the past history of the earth shows the insignificance of 
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the interyal, during which man has had his dwelling here. 
What the museums of Europe show us of the remains of 
Egypt and Assyria we gaze upon with silent wonder, and 
despair of being able to cany back olir thoughts to a period 
so remote. Still the human race must have existed and 
multiplied for ages, before the pyramids could have been 
erected. We estimate the duration of human history at 
6,000 years ; but vast as this time may appear to us, what 
is it in comparison With the period during which the earth 
bore successive series of rank plants and mighty Animrf ft ^ 
but no men ? * Periods, during which, in our own neigh- 
bourhood (Konigsberg), the amber tree bloomed, and 
dropped its costiy gum on the earth and in the sea ; when 
in Europe and North America groves of tropical palms 
flourished, in which gigantic lizards, and, after them, ele- 
phants, whose mighty remains are still buried in the earth, 
found a home. Different geologists, proceeding from dif- 
ferent premises, have sought to estimate the length of the 
above period, and they set it down from one to nine mil- 
lions of years. The time during which the earth has gene- 
rated organio beings is again small, compared with the 
ages, during which the world was a mass of molten rocks. 
The experiments of Bischof upon basalt show, that for our 
globe to cool down from 2,000° to 200° Centigrade, would 
require 350 millions of years. And with regard to the pe- 
riod during which the first nebulous masses condensed^ so 
as to form our planetary system, conjecture must entirely 
cease. The history of man, therefore, is but a minute rip- 
ple in the infinite ocean of time. For a much longer period 
than that during which he has already occupied this world, 
the existence of a state of inorganic nature, favourable to 
man's continuance, seems to be secured, so that for our- 

* The absence of men may be doubted. See the conclnsion of Lubbock*8 
article on the Lake Habttations of Switzerland, in the NatunU HUtofr^ 
Review. 
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selves, and for long generations after ns, we have nothing 
to fear. But the same forces of air and water, and of l^e 
Tolcanio interior, which produced former geologic revolu- 
tions, and buried one series of living forms after another, 
still act upon the earth's crust. They, rather than those 
distant cosmical ohapges of which we have spoken, will 
end the human race ; and, perhaps, compel us to make way 
for new and more complete forms of life, as the lizard and 
the mammoth have given way to us and our contempora- 
ries.* 

Grand, however, and marvellous as are those questions 
regarding the physical constitution of the sun, they are but 
a portion of the wonders connected with our luminary. 
His relationship to life is yet to be referred to. The earth's 
atmosphere contains carbonic acid, and the earth's surface 
bears living plants; the former is the nutriment of the lat- 
ter. The plant apparently seizes the combined carbon and 
oxygen; tears them asunder, storing up the. carbon imd 
letting the oxygen go free. By no special force, different 
in quality from other forces, do plants exercise this power, 
— ^the reaj magician here is the sun. We have seen in for- 
mer lectures (see Lecture Y.) how heat is consumed in 
forcing asunder the atoms and molecules of solids and li- 
quids, converting itself into potential energy, which reap- 
peared as heat, when the attractions of the separated 
atoms were again aUowed to come into play. Precisely 
the same considerations which we then applied to heat we 
have now to apply to light ; for it is at the expense of the 
solar light that tile decomposition of the carbonic acid is 
effected. . Without the sun the reduction cannot take place, 
and an amount of sunlight is consumed exactly equivalent 
to the molecular work accomplished. Thus trees are 
formed, thus the meadows grow, thus the flowers bloom. 
Let the solar rays fall upon a surface of sand, the sand is 
heated and finally radiates away as much as it receives ; let 
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. the same rays fall upon a forest^ the quantity of heat giren 
back is less than that received, for the ^lergy of a portioa 
of the sunbeams is inyested in the building of the ta^ees.* 
I have here a bundle of cotton, which I ignite ; it bursts 
into flame and yields a definite amount of heat ; precisely 
that amount of heat was abstracted from the sun, in order, 
to form that bit of cotton. l%is is a representative case ; 
^-every tree, plant, and flower, grows and flouridieB by 
the grace and bounty of the sun. 

But we cannot stop at vegetable life ; for this is the 
source, mediate or immediate, of all animal life. In the 
animal body vegetable substances are brought agam into 
contact widi their beloved oxygen, and they bum within 
us, as a flre bums in a grate. Tim is the source of all ani- 
mal power ; and the forces in play are the same, in kind, 
as those which operate in inorganic nature. In the plant 
the dock is wound up, in the animal it runs down. In the 
plant the* atoms are separated, in the animal they re-com- 
bine. And as surely as the force which moves a dock^ 
hands is derived from ihe arm which winds up the dock, so 
surely is all terrestrial power drawn from the sun. Leav- 
ing out of account the eruptions of vdcanoes, and the ebb 
and flow of the tides, every mechanical action on the 
earth's surface, every manifestation of power, organic and 
inorganic, vital and physical, is produced by the sun.t His 
warmth keeps the sea liquid, and the atmosphere a gas, 
and all the storms whidi agitate both are blown by the me- 
chanical force of the sun. He Efts the rivers /aid the glar 
ders up to the mountains ; and thus the cataract and ihe 
avalanche shoot with an energy derived immediately from 
him. Thunder and lightning are also his transmuted 

* Mayer * Die oigaiilscbe Bewegong,* p. 89. 

f The genn, and much more than the genn, of what is here stated ia 
to be found in a paragraph in Sir John Herechel's Ot^inet of Astnmtm^^ 
published in 1888. 
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strength. Every fire that bums and every flame that 
glows dispensed light and heat which ori^nally belonged 
to the Sim. In these days, mihappily, the news of battle is 
familiar to ns, but every shock, and every diarge, is an ap- 
plicationi or misapplication, of the mechanical force of the 
snn. He blows the trunpet, he nrges the projectile, he 
bursts the bomb. And remember, this is not poetry, but 
rigid mechanical truth. He tears, as I have said, the whole 
vegetable world, and through it the animal ; the lilies of 
the field are his workmanship, the verdure of the meadows, 
and the cattle upon a thousand hills. He forms the muscle, 
he urges the blood, he builds the brain. His fleetness is in, 
the lion's foot ; he' springs in the panther, he soars in the 
eagle, he slides in the snake. He builds the forest and 
hews it down, the power which raised the tree, and which 
wields the axe, being one and the same. The clover 
sprouts and blossoms, and the scythe of the mower 
swings, by the operation of the same force. The sun digs 
the ore from our mines, he rolls the iron ; he rivets the 
plates, he boils the water ; he draws the train. He not 
only grows the cotton, but he spins the fibre and weaves 
the web. There is not a hammer raised, a wheel turned, 
or a shuttle thrown, that is not raised, and turned, and 
thrown by the sun. His energy is poured freely into space, 
but our world is a halting place where this energy is con-r 
ditioned. Here the Proteus works his si)ell8; ^e self- 
same essence takes a million shapes .and huSs, and finally 
dissolves into its primitive and almost formless form. The 
sun oomes to us as heat ; he quits us as heat ; and between 
his entrance and departure the multiform powers of our 
globe appear. They are all special forms of solar power — 
the moulds into which his strength is temporarily poured, 
in passing from its source through infinitude. 

Presented rightly to the mind, the discoveries and gen- 
eralizations of modem science constitute a poem more sub- 
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lime than has ever yet beea addressed to the intellect and 
imagination of man. The natural philosopher of to-day 
may dwell amid conceptions, which beggar those of Mil- 
ton. Se great and grand are they, that in the contempla- 
tion of them, a certain force of character is requisite to 
preserve us from bewilderment. Look at the integrated 
energies of our world — the stored power of our coal- 
fields ; our winds and rivers ; our fleets, armies, and guns. 
What are they ? They are all generated by a portion of 
the sun's energy, which does not amount to TjirTsVvirrir^ 
of the whole. This, in fact, is the entire fraction of the 
sun's force intercepted by the earth, and, in reality, we 
convert but a small fraction of this fraction into mechan- 
ical energy. Multiplying all our powers by millions of mil- 
lions, we do not reach the sun's expenditure. And still, 
notwithstanding this enormous drain, in the lapse of human 
history we are unable to detect a diminution of his store. 
Measured by our largest terrestrial standards, such a reser- 
voir of power is infinite ; but it is our privilege to rise 
above these standards, and to regard the sun himself as a 
speck in infinite extension, — 2l mere drop in the universal 
sea. We analyse the space in which he is immersed, and 
which is the vehicle of his power. We pass to other sys- 
tems and other suns, each pouring forth energy like our 
own, but still without infringement of the law, which re- 
veals immutability in the midst of change, which recog- 
nises incessAt transference and conversion, but neither 
final gain nor loss. This law generalises the aphorism oi* 
Solomon, that there is nothing new under the su«, by 
teachiug us to detect everywhere, imder its infinite variety 
of appearances, the same primeval force. To Nature noth- 
ing can be added; from Nature nothing can be taken 
away ; the sum of her energies is constant, and the utmost 
man can do in the pursuit of physical truth, or in the ap- 
plications of physical knowledge, is to shift the constituents 
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of the neyer-varying total, and ont of one of them to form 
another. The law of oonservation rigidly exclndes both 
creation and annihilation. Waves may change to ripples, and 
ripples to waves, — ^magnitude may be substituted for num- 
ber, and number for magnitude, — asteroids may aggregate 
to suns, suns may resolve themselves into florae and faunae, 
and florae and faunae melt in air, — ^the flux of power is eter- 
nally the same. It rolls in music through the ages, and all 
terrestrial energy, — ^the manifestations of life, as well as 
the diq)lay of phenomena, are but the modulations of its 
rhythm. 
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Fob yarious reasons I am anxious that this book should embrace 
all that I have written with regard to the relationship of Dr. 
Mayer to Hie Dynamical Theory of Heat. Here, in the drst 
place, foUows an abstract of a Lecture on Force, given at the 
Royal Institution on the evening of Friday, June 6, 1863, and 
published in the Proceedings of the Institution and in the * Philo- 
sophical Magazine.* 

ON FORCE. 

Thb existence of the International Exhibition suggested to oar 
Honorary Secretary the idea of devoting the Friday evenings afker 
Easter of the present year to discourses on the various agencieB 
on which the material strength of England is based. He wished 
to make iron, coal, cotton, and kindred matters, the subjects of 
these discourses : opening the series by a discourse on the Great 
Exhibition itself; and he wished me to finish the series by a dis- 
course on ' Force ' in g^eral. For some months I thought over 
the subject at intervals, and had devised a plan of dealing with 
it ; but three weeks ago I was induced to swerve from this plan, 
for reasons which shall be made known towards the conclusion of 
the discourse. 

We all have ideas more or less distinct regarding force ; ire 
know in a general way what muscular force means, and eadi of 
us would less willingly accept a blow from a pugilist than have 
his ears boxed by a lady. But these general ideas are not now 
sufficient for us ; we must learn how to express numerically the 
exact mechanical value of the two blows ; this is the first point 
to be cleared up. 

A sphere of lead weighing 1 lb. was suspended at a bei^it 
of 16 feet above the theatre floor. It was liberated| and lidl bj 
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graiity. That weight reqtdred ezacdy a second to fall to the 
earth from that elevaticm, and the instant before it touched the 
earth it had a yelodty of 82 feet a second* That is to say, if at 
that instant the earth were annihilated, and its attraction annul- 
led, the weight would proceed through space at the uniform ve- 
locity of 82 feet a second. 

Suppose that, instead of being pulled downward by grayity, 
the weight is cast upward in opposition to the force of gravity — 
with what velocity must it start from the earth's surface in order 
to reach a height of 16 feet ? With a velocity of 83 feet a second. 
This velocity imparted to the weight by the human arm, or by 
any other mechanical means, would carry the weight up to the 
precise height from which it had feUen. 

"Now the lifting of the weight may be r^^arded as so much 
mechanical work. I might place a ladder against the wall, and 
carry the weight up to a height of 16 feet; or I might draw it 
up to thid height by means of a string and pulley ; or I might 
suddenly jerk it up to a height of 16 feet. The amount of work 
done in all these cases, as far as the raising of the weight is con- 
cerned, would be absolutely the same. The absolute amount of 
work done depends splely upon two things : first of all, on the 
quantity of matter that is lifted : and secondly, on the height to 
which it is lifted. If you call the quantity or mass of matter m, 
and the height through which it is lifted A, then the product of 
m into hyOrmJi, expresses the amount of woi^ done. 

Supposing now, that instead of imparting a velocity of 82 
feet a second to tiie weight we impart twice this speed, or 64 
feet a second. To what height will the weight rise ? You might 
be disposed to answer, * To twice the height ; ' but this would be 
quite incorrect. But theory and experiment inform us that the 
weight would rise to four times the height ; instead of twice 16, 
or 82 feet, it would reach four times 16 or 64 feet. So also if we 
treble the starting velocity the weight would reach nine times 
the height ; if we quadruple the speed at starting, we attain six- 
teen times the height. Thus, with a velocity of 128 feet a second 
at starting, the weight would attain an elevation of 256 feet. 
Supposing we augment the velocity of starting sev^i times, we 
should raise the weight to 49 times the height, or to an elevation 
of 784 feet. 
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Now the work done— or, as it is sometimes called, the mst^^at^ 
ieal effedt — as before explained, is proportional to the height, and 
as a doable ydocity gives four times the height, a treble Telocity 
nine times the height, and so on, it is perfectly plain that the 
mechanical effect increases as the sqoare of the velocity. If tiie 
mass of the body be represented by the letter m, and its Telocity 
by «, then the mechanical effect would be represented by m c*. 
In the case considered, I hsTC supposed the weight to be cast 
upward, being opposed in its upward flight by the resistance of 
graTity ; but the same holds true if I send the projectile into 
water, mud, earth, timber, or other resisting materiaL 11, for 
example, you double the Telocity of a cannon ball, you quadruple 
its mechanical effect. Hence the importance of augmenting the 
Telocity of a projectile, and hence the philosophy of 8ir William 
Armstrong in using a 50 lb. charge of powder in his recent strik- 
ing experiments. 

The measure then of mechanical effect is the mass of the body 
multiplied by the square of its Telocity. 

In firing a ball against a target the projectile, after eollisi<»i, 
is often found hissing hot. Mr. Fairbaim informs me that in the 
experiments at Shoeburyness it is a common thing to see a flash 
of light, CTcn in broad day, when the ball strikes the target 
And if I examine my lead weight after it has fallen firom a height 
I also find it heated. Now here experiment and reasoning lead 
us to the remarkable law that the amount of heat generated, like 
the mechanical effect, is proportional to the product of the mass 
into the square of the Telocity. Double your mass, other things 
being equal, and you double your amount of heat ; double your 
Telocity, other things remaining equal, and you quadruple your 
amount of heat,. Here then we haTC common mechanical moticm 
destroyed and heat produced. 

I take this Tiolin bow and draw it across this string. You 
hear the sound. That sound is due to motion imparted to the air, 
and to produce that motion a certain porticm of the muscular 
force of my arm must be expended. We may here correctly say, 
that the mechanical force of my arm is conTerted into musia 
And in a similar way we say that the impeded motion of our de- 
scending weight, or of the arrested cannon ball, is conTerted into 
heat. The mode of motion changes, but it still continues motion ; 
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ihtmni^ionof (he fnai$ u concerted into a motion qf (he atomic/ (he 
mate; and these small motions, commmncated to the nerves, pro- 
duce the sensation which we call heat. We, moreover, know the 
amount of heat which a given amount of mechanical force can 
develop. Our lead ball, for example, in filing to the earth gen- 
erated a quantity of heat sufficient to raise the temperature of its 
own mass three-fifths of a ^^ahrenheit degree. It reached the 
earth with a velocity of 82 feet a second, and forty times this ve- 
locity would be a small one for a rifle bullet ; multiplying Jths 
by the square of 40, we find that the amount of heat developed by 
collision with the target would, if wholly concentrated in the lead, 
raise its temperature 960^. This would be more than sufficient 
to fuse the lead. In reality, however, the heat developed is di- 
vided between the lead and the body against which it strikes ; 
nevertheless, it would be worth while to pay attention to this 
point, and to ascertain whether rifle bullets do not, under spme 
circumstances, show signs of ftision. 

From the motion of sensible masses, by gravity and other 
means, the speaker passed to the motion of atoms towards each 
other by chemical affinity. A collodion balloon filled with a 
mixture of chlorine and hydrogen was hung in the focus of a 
parabolic mirror, and in the focus of a second mirror, 20 ft. dis- 
tant, a strong electric light was suddenly generated ; the instant 
the light fell upon the balloon, the atoms within it fell together 
with explosion, and hydroK^hloric acid was the result. The 
burning of charcoal in oxygen was an old experiment, but it had 
now a significance beyond what it used to have ; we now regard 
the act of combination on the part of the atoms'of oxygen and 
coal exactly as we regard the clashing of a foiling weight against 
the earth. And the heat produced in both cases is referable to 
a common cause. This glowing diamond, which bums m oxygen 
as a star of white light, glows and bums in consequence of the 
filling of the atoms of oxygen against it. And could we meas- 
ure the velocity of the atoms when they clash, and could we find 
their number and weight, multiplying the weight of each atom 
by the square of its velocity, and adding all together, we should 
get a number representing the exact amount x)f heat developed 
by the union of the oxygen and carbon. 

Thus far we have regarded the heat developed by the dash- 
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ing of sensible mi8se8 and of atomg. W<vk is expended in grnng 
motion to these atoms or masses, and beat is deyeloped. But 
we TtiY&ne this process daily, and by the expenditure of heat ex- 
ecute work. We can raise a weight by heat ; and in this agent 
we possess an enormons store of mechanical power. This pound 
of coal, which I hold in my hand, prodooes by its combinaticm 
with oxygen an amount of heat which, if medianically applied, 
would BufSce to raise a weight of 100 lira, to a height of 20 milea 
-above the earth^s surface. Conreraely, 100 lbs. fiilling firom a 
height of 20 miles, and striking against the earth, would gener^ 
ate an amount of heat equal to that developed by the combustion 
of a pound of coaL Wherever work is done by heat, heat disap- 
pears. A gun which fires a ball is less heated than one T^ch 
fires blank cartridge. The quantity of heat communicated to the 
boiler of a working steam-engine is greater than that which could be 
obtained fix>m the re-condensation of the steam after it had done 
its work ; and the amount of work performed is the exact equiva- 
lent of the amount of heat lost Mr. Smyth informed us in hia 
interesting discourse, that we dig annually 84 millions of tons of • 
coal from our pits. The amount of mechanical force represented 
by this quantity of coal seems perfectly fabulous. The c(Nnba8tion 
of a single pound of coal, supposing it to take place in a minute, 
would be equivalent to the work of 800 horses ; and if we sup- 
pose 108 millions of horses working day and night, with unim- 
paired strength, for a year, their united energies would enable 
them to perform an amount of work just equivalent to. that 
which the annual produce of our coal-fields would be able to 
accomplish. 

Comparing the energy of the force with which oxygen and 
carbon unite together, with ordinary gravity, the chemical affinity 
seems almost infinite. But let us give gravity ftdr play ; let na 
permit it to act throughout its entire range. Place a body at 
such a distance finom the earth that the attraction of the earth la 
barely sensible, and let it fidl to the earth firom this distance. It 
would reach the earth with a final velocity of 86,747 feet in a 
second, and on collision with the earth the body would generate 
about twice the amount of 'hectt generated by the combustion of 
an equal weight of coal. We have stated that by finUing through 
a space of 16. feet our lead bullet would be heated three-fifths of 
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a degree ; bat a body fkllmg fixnn an infloite distance has abready 
used up 1,399,999 parts out of 1,800,000^ of tbe earth^s pulling 
power, when it has airiyed within 16 feet of the sur&ce ; on this 
space only ttvoWv^ ^^ ^^® whole force is e^^erted. 

Let us now turn our thoughts for a moment from the earth 
towards the sun. The researches of Sir J. Herschel and M- 
Pouillet haye informed us of the annual expenditure of the sun 
as regards heat, and by an easy calculation we ascertain the pre- 
cise amoxmt of the expenditure which falls to the share of our 
planet. Out of 2,800 million parts of light and heat the earth 
receiyes one. The whole heat emitted by the sun in a minute 
would be competent to boil 12,000 millioiui of cubic miles of ice- 
cold water. How is this enonnous loss made good 9 Whence is 
the sun's heat deriyed, and by what means is it maintained ? 
Ko combustion, no chemicalaffinity with which we are acquainted 
would be competent to produce the temperature of the sun^s sur- 
fkce. Besides, were the sun a burning body merely, its light 
and heat would assuredly speedily come to an end. Supposing 
it to be a solid globe of coal, its combustion would only coyer 
4,600 years of expenditure. In this short time it would bum 
itself out. What agency, then, can produce the temperature and 
maintain the outlay ? We haye already regarded the case of a 
body £Edling from a great distance towards the earth, and found 
that- the heat generated by its collision would be twice that pro- 
duced by the combustion of an equal weight of c<)aL How much 
greater mubt be the heat deyeloped by a body flailing towards the 
sun 1 The maximum yelodty with which a body can strike the 
earth is about 7 miles in a second ; the maximum yelodty with 
which it can strike the sun is 890 miles in a second. And as the 
heat deyeloped by the coUinon is proportional to the square of 
the yelodty destroyed, an asteroid falling into the sun with the . 
aboye yelodty would generate about 10,000 times the quantity 
of heat generated by the combustion of an asteroid of coal of the 
same wdght. 

Haye we any reason to belieye that such bodies exist in space, 
and that they may be raining down upon the sun ? The me- 
teorites flashing through our air are small planetary bodies, 
drawn by the earth's attraction, and entering our atmosphere 
with planetary yelodty. By friction against the air they are 
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raised to incsndescence and caused to emit light and heat* Ai 
certain seasons of the year they shower ,down upon ns in great 
numbers. In Boston 240,000 of them were obseryed in nine 
hours. There is no reason to sappose that the planetary system 
is limited to 'vast masses of enormous weight ; * thare is every 
reason to beliere that space is stocked with smaller masses, 
which obey the same laws as the laige ones. That lenticular en- 
yelope which sniroands the sim, and which is known to astrono- 
mers as the Zodiacal light, is probably a crowd of meteors ; and 
moving as they do in a resisting medium they must continually 
approach the sun. Falling into it, they would be competent to 
produce the heat observed, and this would constitute a source 
from which the annual loss of heat would be made good. The 
sun, according to this hypothesis, would be continually growing 
larger ; but how much larger t Were our moon to fall into the 
sun it would develop an amoimt of heat sufficient to cover one or 
two years* loss ; and were our earth to £&!! into the sun a cen- 
tury's loss would be made good. Still, our moon and our earth, 
if distributed over the surface of the sun, would utterly vanish 
from perception. Indeed, the . quantity of matter competent to 
produce the necessary effect would, during the range of history, 
produce no appreciable augm^itation in the sun's magnitude. 
The augmentation of the sun's attractive force would be more 
appreciable. However this hypothesis may £eire as a representant . 
of what is going on in nature, it certainly shows how a sun might 
be formed and maintained by the application of known thermo- 
dynamic principles. 

Our earth moves in its orbit with a velocity of 68,040 miles an 
hour. Were this motion stopped, an amount of heat would be 
developed sufficient to raise the temperature of a globe of lead 
of the same size as the earth 884,000 degrees oT the Centigrade 
thermometer. It has been prophesied that ^ the elements shall 
melt with fervent heal' The earth's own motion embraces the 
conditions of fulfillment ; stop that motion, and the greater part, 
if not the whole, of her mass would be reduced to vapour. If the 
earth fell into the sun, the amount of heat developed by the shock 

* To Mr. Joule, as skated in Lecture L, we owe this l^jfpotfaesia. 
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would be eqnal to that developed by the combustion of 6,485 
earths of solid coaL 

There is one other consideration connected with the permar 
nence of our present terrestrial conditions which is well worthy 
of our attention. Standing upon one of the London bridges, we 
observe the current of the Thames reversed, and the water poured 
upward twice a-day. The water thus moved rubs agajuist the 
river's bed and sides, and heat is the consequence of this friction 
The heat thus generated is in part radiated into space, and then 
lost, as far as the earth is concerned. What is it that supplies 
this incessant loss ? The earth's rotation. Let us look a little 
more closely at the matter. Imagine the moon fi^ed and the 
earth turning like a wheel from west to east in i1» diurnal rota- 
tion. Suppose a high mountBin on the earth's surface ; on ap- 
proaching the moon's meridian, that mountain is, as it were, laid 
hold of by the moon, and forms a kind of handle by which the 
earth is pulled more quickly round; But when the meridian is 
passed, the pull of the moon on the mountain would be in the 
opposite direction ; it now tends to fliTninifth the velocity of ro- 
tation as much as it previously augmented it ; and thus the addon' 
of all fixed bodies on the earth's sur&ce is neutralised. But sup- 
pose the mountain to lie oLwceys to l^e east of the moon's meri- 
dian : the pull then would be always exerted against the earth's 
rotation, the velocity of which would be diminished in a degree 
corresponding to the strength of the puU. The tidal wane oeeupies 
this position — ^it lies always to the east of the moon's meridian, 
and thus the waters of the ocean are in part dragged as a brake 
along the sur&ce of the earth ; and as a brake they must diminish 
the velocity of the earth's rotation. The diminution, though in- 
evitable, is, however, too small to make itself felt within the 
period over which observations on the subject extend. Sup- 
posing then that we turn a mill by the Action of the tide, and pro- 
duce heat by the fricticm of the millstones ; that heat has an 
origin totally different torn the heat produced by another mill 
which is turned by a mountain stream. The former is produced 
at the expense of the earth's rotation, the latter at the expense of 
the sun's radiation. 

The sun, by the act of vaporization, lifts mechanically all the 
moisture of our air. It condenses and falls in the form of rain — 
. 20 
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it freezes and Ms as snow. In tiiSs solid fi»nn it is piled upon 
the Alpine heights, and fhrnifihes materiids for the glaciers of flie 
Alps. Bal the son again inteiposes, liberates the solidified liquid^ 
and permits it to roll by gravity to ^e sea. The mechanical 
force of every river in the w<M'ld, as it rolls towards the ocean, is 
dmwn from the best of the son. No stareamlet glides to a lower 
level witJioat having been first lifted to the elevaUon from which 
it springs by the mighty power of the son. The energy of the 
winds is also due entirely to the son ; bat tiiere is stfll another 
work which he performs, and his connection with which is not so 
obvious. Trees and v^etiables grow upon the earth, and when 
bnmed they give rise to heat, and hence to mechanical energy. 
Whence is this power derived ? You see this oxide of iron, pro- 
daced by the felling together of fhe atoms of iron and oxygen ; 
here also is a transparent gas which yon cannot now see — car- 
bonic add gas — ^wMch is formed by the falling together of carbon 
and oxygen. These atoms thus in close union resemble our lead 
weight while resting on the earth ; but I can wind up the weight 
and prepare it fair another fall, and so these atoms can be wound 
up, separated fh>m each other, and thus enabled to repeat the 
process of combination. In the building of plants carbonic acid 
is the material from which the carbon of the plant is derived ; 
imd the sdar beam is the agent which tears the atoms asunder, 
setting the oxygen free, and allowing the carbon to aggregate in 
woody fibre. Let the scdar rays fall upon a surface of sand ; the 
sand is heated, and finally radiates away as much heat as it re- 
ceives ; let the same beams fall upon a forest, the quantity of heat 
given back is less than the forest receives, for the energy of a 
portion of the sunbeams is invested in building up the trees in the 
manner indicated. Without the sun the reduction of the car- 
bonic acid cannot be effected, and an amount of sunlight is con- 
sumed exactly equivalenf to the molecular work done. Thus 
trees are formed ; thus the cotton on which Mr. Bazley discoursed 
last Friday is formed. I ignite this cotton, and it flames ; the 
oxygen again unites with its beloved carbon ; but an amount of 
heat equal to that which you see produced by its combustion was 
sacrificed by the sun to form that bit of cotton. 

But we cannot stop at vegetable life, for this is the source, 
mediate or inmiediate, of all animal life. The sun severs the car- 
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bon from its oxygen ; the animal conrames the yegetable thna 
formed, and in its arteries a rennion of the severed elements take 
plaoe, and foodnce animal heat. Urns, strictly speaking, tha 
process of building a yegetable is one of winding up ; the process 
of bnilding an animal is one of ronning down. The warmth of 
our bodies, and every mechanical energy which we exert, trace 
their lineage directly to the sun. The fight of a pair of pugilists, 
the motion of an army, or the lifting of his own body up moun- 
tain slopes by an Alpine climber, are all cases of mechanical 
energy drawn from the sun. Not, therefore, in a poetical, but in 
a purely mechanical sense, are we children of the sun. Without 
food we should soon oxidize our own bodies. A man weighing 
150 lbs. has 64 lbs. of muscle ; but these, when dried, reduce them- 
selves to 15 lbs. ■ Doing an ordinary day's work, for 80 days, this 
mass of muscle would be wholly oxidized. Special organs which 
do more work would be more quickly oxidized : the heart, for 
example, if entirely unsustained, would be oxidized in about a 
week. Take the amount of heat due to the direct oxidation of a 
given amount of food ; Skjieas amount of heat is developed by this 
food in the working animal frame, and the missing quantity is the 
exact equivalent of the mechanical work which the body accom- 
plishes. 

I might extend these considerations: the work, indeed, is 
done to my hand — ^but I am warned that I have kept you already 
too long. To whom, then, are we indebted for the striking gen- 
eralisations of this evening's discourse ? All that I have brought 
before you is the work of a man of whom you have scarcely ever 
heard. All that I have brought before you has been taken from 
the labors of a G^erman physician, named Mayer. Without ex- 
ternal stimulus, and pursuing his profession as a town physician 
in Heilbronn, this man was the first to raise the conception of the 
interaction of natural forces to clearness in his own mind. And 
yet he is scarcely ever heard of in scientific lectures ; and even to 
scientific men his merits are but partially known. Led by his 
own beautiM researches, and quite independent of Mayer, Mr. 
Joule published his fiist Paper on the * Mechanical Value of Heat,' 
in 1848 ; but in 1843 Mayer had actually calculated the mechani- 
cal equivalent of heat from data which a man of rare originality 
alone could turn to account. From the velocity of sound in air 
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Ifayer determined the mechanical eqniyalent of heat. In 1845 
he published Mb Memoii on ' Organic Motion^' and implied the 
mechanical Theory of Heat in the most fearless and precise man- 
ner to vital processes. He also embraced the other natural agents 
in his chain of conservation. In 1858 Mr. Waterston proposed, 
independently, the Meteoric Theory of the sun^ heat, and in 
1854 Professor William Thomson applied his admirable mathe- 
matical powers to the development of the theory ; bat tax years 
previonsly the subject had been handled in a masterly manner by 
Mayer, and all that I have said on this subject has been derived 
from him. When we .consider the drcumstances of Mayer's life, 
and the period at which he wrote, we cannot fail to be struck 
with astonishment at what he has accomplished. Here was a 
man of genius working in silence, animated solely by a kve of 
his subject, and arriving at the most important results, some time 
in advance of those whose lives were entirely devoted to Natural 
Philosophy. It was the ikccident of bleeding a feverish patient 
at Java in 1840 that led Mayer to speculate on these subjects. 
^ He noticed that the venous blood in the tropics was of a mudi 
brighter red than in Colder latitudes, and his reasoning on this 
&ct led him into the laboratory of natural forces, where he has 
worked with such signal ability and success. Well, you will 
desire to know what has become of this man. His ovor-taaked 
mind gave way—a result felt to be quite possible in his own case 
by many a great scientific worker — ^and he was sent to an asylum. 
In a biographical dictionary of his country it is stated that Mayer 
died in the asylum : but this is incorrect. He recovered ; and, 
I believe, is at this moment a cultivator of vin^^ards in Hell- 
bronn. 

While preparing for publication my last course of Lectures on 
Heat, I wished to make myself acquainted with all that Mayer 
had done in connection with this subject. I aecordingly wrote 
to two gentlemen who above all others seemed likely to gvte me 
the information which I needed. Both of them are Oeimaos, 
and both particularly distinguished in connection with the Dy- 
namical Theory of Heat. Each of them kindly furnished me with 
the list of Mayer's publications, and one of them was so friendly 
as to order them from a bookseller, and to send them to me. 
This friend, in his reply to my first letter regarding Mayer, stated 
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hiB belief that I should not find anything very important in 
Mayer's writings ; bnt before forwarding the memoirs to me he 
read them himself. His letter, accompanying the first of these 
papers, contains the following words : — *• I must here retract the 
statement in my last letter, that you will not find much matter 
of importance in Mayer^s writings ; I am astonished at the multi- 
tude of beautiM and correct thoughts which they contain ; ' and 
he goes on to point out various important subjects, in the treat- 
ment of which Mayer had anticipated other eminent writers. My 
second Mend, in whose own publications the name of Mayer xe- 
peatedly occurs, and whose papers cont|ping these references 
were translated somejears ago by myself was, on the 10th of last 
month, unacquainted with the thoughtful and beautiful essay by 
Mayer, entitled ' Beitr£ige zur Dynamik des Himmels ; ' and in 
1854, when Professor William Thomson developed in so strikiag 
a nianner the meteoric theory of the sun's heat, he was certainly 
not aware of the existence of that essay, though from a recent 
article in ^ MacmiUan's Magazine ' I infer that he is now aware 
of it. Mayer's physiological writings have been referred to by 
physiologists — by Dr. Carpenter, for example — ^in terms of honour- 
able recognition. We have hitherto, indeed, obtained frag- 
mentary gUmpses of the man partly from physicists, and partly 
from physiologists ; but his total merit has never yet been recog- 
nized, as it assuredly would have been had he chosen a happier 
mode of publication. I do not think a greater disservice could 
be done to a man of science than to overstate his claims : such 
overstatement is sure .to recoil to the disadvantage of him in 
whose interest it is made. But when Mayer's opportunities, 
achievements, and &te, are taken into account, I do not think 
that I shall be deeply blamed for attempting to place In'm In that 
honourable position which I believe to be his due. 

Here, however, are the titles of Mayer's papers, the perusal 
of which will correct any error of judgment into which I may 
have fallen regarding their autiior. 'Bemerkungen iiber die 
Krafte der unbeleten Natur,' Liebig's Annalen, 1842, vol. xlii. 
p. 281; 'Die'Organische Bewegung in ihrem Zusammenhange ' 
mit dem Btoff-wechsel ; ' HeUbronn, 1845 ; < Beitr£ige zur Dyna- 
mik des Himmels,' Heilbronn, 1848; 'Bemcrkungen iiber das 
Mechaoische Equivalent der WSrme,' Heilbionn, 1851. 

J.T. 
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With reference to this Lecture, Mr. Jotde published the Mf 
lowing letter in the August number of the * Philosophical Mag»- 



NOTE ON THE HISTORY OF THE DYNAMICAL THEORY 
OP HEAT. 

BY J, p. JOT7LE, LIaD., P.B.8. 

2b th$ £ditor$ of the PhiUmphioai Magaaine and Journal. 

Gentlembh,— "Will you permit me to trouble your readoB 
with a few remarks oi the subject of my friend Professor Tyn- 
dall^B Lecture at the Royal Institution, reported in your last 
Number 9 In this Lecture he enforces the claims of M. Mayer, « 
philoeopher whose merit has perhaps been oyedooked by some of 
our English physicists, and unaccountably so by his fellow- 
countrymen. I myself was only imperfectly acquainted with his 
papers, when, in good conscience and with the materials at com- 
mand, I gaye a sketch of the history of the Dynamical Theoiy 
of Heat, in my paper published in the Philosophical Transac- 
tions for 1850. M. Mayer's merit consists in haying announced, 
apparently without knowledge of what had been done before, the 
true Theory of Heat This is no small merit, and I am the last 
person who would wish to detract from it But to giye to Mayer, 
or indeed to any single indiyidual, the undiyided praise of pro- 
pounding the Dynamical Theory of Heat is manifestly unjust to 
the numerous ocmtributors to that great step in physical science. 
Two centuries ago, Locke said that * Heat is a yery brisk agita- 
tion of the insensible parts of the object, which produces in us 
that sensation from whence we denominate the object hot ; so 
that what in our sensation is heat, in the object is fiothing out 
motion? In 1798, Rumford, inquiring into the sour^ of heat de- 
yeloped in the boring of cannon, obseryed that it was * extremely 
difficult, if not quite impossible, to form any distinct idea of any- 
thing capable of being excited and communicated, in the manner 
' the heat was excited and conmiunicated in these experiments, ex- 
cept it be motion.' In 1812, Dayy wrote : * The inmiediate cause 
of the phenomena of heat, then, is motion, and the laws of its 
communication are precisely the same as the laws of tiie com- 
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mm^cation of moti(m;''i' and lie conflnned his yiewB bytliAfc 
cniginal and most interesting experim^it in wbich he melted ice 
by Mction.t In 1889, S^goin published a work entitled Ik 
V Influence des Chemina de Fer. He shows that the theory gener- 
ally adopted would lead to the absurd conclusion that a finite 
quantity of heat can produce an indefinite quantity of mechanical 
action, and remarks (p. 828), ^ II me parait plus naturel de sup- 
poser qu*une certaine quantity de calorique disparait dans Tacte 
mSme de la production de la force ou puissance mtomique, et r^ 
ciptoquement.^ At p. 888 he remarks : ^ La force m^canique qui 
apparait pendant Tabaissement de temperature d^un gaz comme 
de tout autre corps qui se dilate, est la mesure et la representation 
de cette diminution de chaleur.' In p. 889 he giyes a Table of the 
quantity of mechanical effect produced corresponding to the loss 
of temperature of steam on expanding. From this it appears 
th«t 1"* Cent, corresponds with 868 kilogrammes raised to the 
height of 1 metre. At p. 408 he states : * Je bomerai U mes re- 
flexions sur iin sujet dont chacun saura appr6cier Timportance. 
Du calorique qui est employe par Findustrie d produire de I^ 
force, et aux usages domestiques, une fjEtible partie seulement est 
utilisee ; une autre quantite bien plus considerable, et qui pour- 
rait suffire d creer d^immenses yaleurs et 4 augmenter d^autaut 
la richesse nationale, se trouye absolument perdue.' From the 
above extracts it will be seen that a great advance had been made 
before Mayer wrote his paper in 184a. Mayer discourses to the 
same effect as Seguin, but at greater loigth, with greater per- 
spicuity, and with more copiousness of illustration. He adopts 
the same hypothesifl as the latter philosopher, viz. : that the heat 
eyolyed on compressing an ela^c fluid is exactly the equivalent 
of the compressing force, and thus arrives at the same equivalent, 
viz., 865 kilogrammes per V Cent. 

It must be remarked that at the time Seguin and Mayer wrote, 
there were known no facts to warrant the hypothesis they adopt- 
ed. There was no reason to assert that the heat evolved by com- 
pressing a gas was even approximately the equivalent of a com- 
pressing force. This being the case may account for the inatten- 

• Elements of Chemical Philosopby, p. 94. 

^ My morning Lectures bad rendered all this familiar. — J. T. ' 
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Hon of the edentific world to these wrijdngi The Dynamical 
Theory of Heat certamly was not established hy S^guin and 
Mayer. To do this required experiment ; and I therefore fearless- 
ly assert my right to the position which has been generally ac- 
corded to me by my fellow physicists as haying been the first to 
giye a dedsiye proof of the correctness of this theory. 

In saying this I do not wish to claim any monopoly of merit. 
Eren if Rnmford, Mayer, and B^^uin had not produced their 
works, justice would still compel me to share with Thomson, 
Rankine, Helmholtz, Holtzman,* Clausius, and others, whose 
labours have not only giyen deyelopments and applications of the 
Dynamical Theory which entitle them to merit as wdl as their 
predecessors in these enquiries, but who haye contributed most 
essentially in supporting it by new proofs. 

Permit me to remark, in oonclusion, that I api^lied the Dy- 
namical Theory to yital processes in 1848 ; t and that m 1847f in 
a popular lecture, published in the * Manchester Courier,^ I ex- 
plained the phenomena of shooting stars, and also stated that the 
effect of the earth falling into the sun would be to increase the 
temperature of that luminary. % Since that time Thomson, by 
his profound inyestigations, has made the Dynamical Theory of 
Heat, as applied to cosmical phenomena, his own. 

* I sincerely trust that, by the foregoing remarks, I haye done 
no injustice to Mayer, especially as I grieye to hear that sickness 
has remoyed him (I hope for only a short time) from the science 
to which he has contributed with so much ability. The repro- 
duction of some of his papers in the ' Philosophical Magazine,* 
particularly that ^ On the Forces of Inorganic Kature,^ would, I 
am sure, interest many of your readers, and enable than to ftilly 
appreciate his just claims. 

I remain, Qentlemen, 

Yours respectftilly, 

J. P. JOULB. 

* The name of this philoeopher ought to be added to tffoBC mentioned 
in the Preface as the builders of the Dynamical Theory of Heat. — J. T. 

t PhiL Hag. g 8. vol xxiii. p. 442. 

X Ibid. YoL zxxii. p. 350; and MaDchestcr Courier, May 12, 1847. 
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I was in Switzerland when this letter appeared, and imme- 
diately after my return I pnblished the following letter to Mr. 
Joule. (PhiL Mag. Sept. 1862.) ♦ 

My DEAH Joule, 
On my return from Switzerland, two days ago, I became ac- 
quainted with the note w^iich you haye published in the last 
Number of the ' Philosophical Magazine.' Would you allow me 
to make the following remarks in connection with the sul)}ect 
of it? 

During the spring of the present year I gaye, at the Royal 
Institution, a Course of Lectures, ' On Heat, regarded as a kind 
of Motion.' During the early portion of the course I had engaged 
a short-hand writer to report the lectures, with a view to their 
subsequent publication; and from this gentleman's notes of my 
second Lecture I make the following extract, whidi refers to the 
mechanical Theory of Heat : — < It is to Mr. Joule, of Manchester, 
that we are almost wholly indebted for the experimental treat- 
ment of this subject. With his mind firmly fixed upon a prin- 
ciple, and xmdismayed by the coolness with which his first labours 
appear to haye been received, he persisted for years in his at- 
tempts to prove the invariability of the relation between heat 
and ordinary mechanical force. He placed water in a suitable 
vessel, agitated it by paddles moved by measurable forces, and 
determined the elevation of temperature ; he did the same with 
mercury and sperm oil. He also caused disks of cast iron to 
rotate against each other, and measured the heat produced by 
their friction. He urged water through capillary tubes, and 
measured the heat thus generated. The results of his experimenta 
leave no doubt upon the mind that under all circumstances the 
absolute amount of heat produced by the expenditure of a definite 
amount of mechanical force is fixed and invariable.' Such has 
been my language regarding you ; and to it I stiU adhere. I 
trust you find nothing in it which indicates a desire on my part 
to question your claim to the honour of being the experimental 
demonstrator of the equivalence of heat and work. 

It was not my object in the Lecture to which you refer -to 
give a histoiy of the mechanical Theory of Heat, but simply to 
place a man of geniu?, to whom the fates had been singularly 
20* 
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unkind^ in a position in some jneasnre worthy of him. I was 
qmte aware of all that you haye stated regarding Locke, Rom- 
ford, Dayy, and others : ^u might haye added Bacon to your 
list— probably no great generalizaticm was ever established with- 
out haying first simmered in the minds of many thinkers. But 
the writings of Mayer form an epoch in the histoiy of this suliject ; 
and I certainly should not feel disposed to retract a single sentence 
that I haye written in his fkyour. I belieye he deserves more 
praise than I haye given him. It was he who first used the term . 
* equivalent * in the precise sense in which you have applied it ; 
he calculated the mechanical equivalent of heat fix)m data which, 
as I have said, * a man of rare ingenuity alone could turn to ac- 
count ; ' and his calculation is in striking accordance with your 
own experimental determinations.* You worked independmtly 
of Mayer, and in a totally different way. You brought the me-' 
cbanlcaltheory to the test of experiment, and in this way proved 
its truth. 

Mayer calculated correctly the mechanical equivalent of heat ; 
but you say that, at the time he wrote, there were no known ftucis 
to warrant the hypothesis which he adopted. If by this yoa 
mean to say that he made a haphazard guess, which had no basis 
of ph]rsical probability, I cannot agree with you. The known 
constitution of an elastic fluid is, in my opinion, 4^te sufficient 
to justify Mayer's proceeding. His hypothesis was this : Let the 
quantity of heat required to raise the temperature of gas, pre- 
served at a constant volume, t°, be x, and let the heat requiref} to 
raise the same gas, under constant pre$9ure, t'', he x^y. The 
weight raised by the expanding gas in the latter case being P, 
and the height to which it is raised A, then, according to Mayer, 

J^ = Px A; 

that is to say, the excess of heat imparted in the latter case is 
precisely equivalent to the mechanical work performed. 

It is undoubtedly implied in this equation that the quantity 
of heat y b expended wholly in external work, and that none of 
it has been consumed in overcoming internal molecular attrac- 
tions. This, I think, on the face of it is an extremely probable 

* The corrocted ^>ecific heat of air being made use of. 
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hypothesis^-BO probable, indeed^ as to amoant, in my estimation, 
almost to a certainty. Claositls makes the same assumption mth 
no better fiuthority than Mayer ; and I belieye (for I here trust to 
my memory merely) that the assumption has been completely 
verified by the experiments of the yery philosophers who once 
questioned it *The law,' says Mayer, ' ^* Heat = Mechanical 
effect," is independent of the' nature of an elastic fluid, which 
only serves as the a|^aratus by means of which the one force is 
, conyerted into the other.' 

The law of Mariotte was an old principle when Mayer wrote ; 
and the fact of its holdinf^ good for gases generally renders the ' 
conclusion exceedingly probable that, in yielding to compression, 
the attractions of the gaseous molecules were insensible ; otherwise 
it is hardly conceiyable that the same results could haye been 
obtained with gases so differently constituted : the attractions of 
the hydrogen atoms, for example, would in all probability be 
different from those of oxygen. Mayer was further justified in 
his hypothesis as to the absence of interior work in the case of a 
true gas, by the experiments of (Ersted and Despretz, which 
showed that the law of Mariotte was departed f^m by the lique- 
fiablc gases — the amount of departure depending on the proximi- 
ty of the gas to its point of condensation. Where, therefore, no 
departure from the law had been obseryed (in the case of aif for 
instance), Mayer, I submit, was perfectly warranted in 'assuming 
that the molecular attractions were insensible, and that the quan- 
tity of heat (y) before referred to was entirely expended in raising 
the weight, and haA its true mechanical equiyalent in the weight 
so raised. 

With reference to the application of the mechanical Theory of 
Heat to' cosmic^ phenomena, if it were not a liberty, I would ask 
whether you haye read the Essay of Mayer entitled, * BeitrSge 
zur Dynamik des Himmels ' ? If so, then I haye good reason to 
suspect my competence to come to a correct conclusion as to what 
constitutes a scientific right 

Knowing that the original memoirs of Mayer would be the 
true court of appeal in connection with this subject, I some 
months ago urged the responsible editor of the * Philosophical 
Magazine ' to publish translations of them. This I hope he will 
do ; for I quite agree with you in thinking that they would in- 
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terest many of the readers of the magazine. Let me add, in con- 
clusion, that' I do not think the public estimate of your labours 
can be in the least affected by any recognition which may be ac- 
corded to Mayer. There is room for botli of you on this grand 
platform. Certainly, had Mayer nerer written a syllable on the 
mechanical Theory of Heat, I should not deem your work a whit 
nobler than I now hold it to be. 

Belieye me, yours, &c., 

Jomsf Ttkdall. 
BoTU. iMBTmmoH: 
» AuffU9t^ 1862. « 

The public is now in possession of all that I haye written with 
reference to the claims of Dr. Mayer. The whole of it being 
placed thus together wiU facilitate future reference. 
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Fibre of wood,- power of conduction of 

heat by, 240 
Fire produced by friction, 22 
-^ balloon, 80 

— screens of glass, action of, 819 
Flame, constitution of, 69 

— cause of its iuabiliiy to pass through 
wire gauz& 260 

Flames, singing, paper on, 284 

Cotmt ScLaflgotsch, experiments 

on, 292 
Fluorescence of sulphate of quinine In 

the in%isib]e spi>ctrum, 269 
Foot pounds, explanation of, 54 
Forbes, Prof. J. D., on the Trevelyan 

instrument, 143 

viscous theory of ice, 203, 214 

law of movement of glaciers, 208 

observations on the Glacier du 

G6ant,208 
merits as an investigator, 209 

— ~ surmise that tho moticm of glaciers 
was retarded, 211 

Force, lecture on, 460 

— of heat in expanding bodies. 96 
vital, supposed conservaiivo action 

of, 230 

Forces, molecular, energy of, 03, 163 

polar, beat required to overcome, 

100 

Formic ether, absorption of heat by va- 
pour of, 368 

Frankland, Dr., his experiments on com- 
bustion, 63 

Fraunhofer's lines, 429 

Freezing, effect of on water pipes, 94 

— point of thermometers, 1(j6 

— together of pieces of ice, 147 

— point lowered by pressure, 148 

— of water produced by its own evapora 
tioh, 160 

— pinnes of in ice, how recognised, 324 
Friction, generation of heat by, 18 

— against space, heat developed by. 48 
Frost, means of preserving plants from, 

— cause of ibeir preservation, 418 



Fusible alloy liquefied by* rotation in 

magnetic Held, 61 
Funion, point of, effect of pressure on, 

119, 147 



Galvancffnetcr described, 16 

— construction of, 32 

>- peouliantv of in high deflections, 342 

— method of cnlibrntion of, 369, et seg. 
Qas. carbonic acid, fh>m soda water, con- 
sumes heat, 28 

— combustion of, 60 

— illuminating power of. 68 

— coeflicient or expansion of, 81 

— a feeble, varnished by a powerful one, 
383 

— absorbs those rays which it emits, 426 
Gases, constitution of, 76 

Gapes, dlfl*erent powers of accepting mo- 
tion from the ether, or dlflerence m 
absorption possessed by, 361, et seq. 

— different powers of imparting motion 
to the ether or diflbrence in radiation 
possessed by, 368, et seq, * 

— table of dynamic radiation of, 868 
Gaseous condition of matter, 76 
Gassiot, iron cylinders burst by, 04, noU 
Gauze wire, cause of its stopping pas- 
sage of flame, 260 

Geyser, tho Great, of Iceland, descrip- 
tion of, 133 

~ Bi^nsen's theory of, 186 

Gilbert, Professor, on the vibration of the 
Trevelyan instrument. 142 

Glaciers, formation of. 198 

— motion of described, 198, et nq. 

— viscous theory of, 198 

-^ regelation ditto, 199, et eeq. 

— ancient, evidcncesof in various places, 
203 

— cold alone cannot im>duce, 206 

— central portions move quickest, 20O 

— point of^swiftest motion shifts, 210 
maximum motion of determined, 

211 

— motion of retarded, cause of, 211 

— rate of motion, 213 

Glass, why cracked by hot water, 98 

— broken by a crain of quartz, 99 

— opacity of to neat, 310 

— absorption of heat by diflTerent thick- 
nesses of, 316 

—-fl re-screens, use and philosophy of, 

819 
Gmelin. his deflnition of heat, 37 
Gore, his experiments on revolving balls, 

117 
Gravity, velocity imparted to a body by, 

66 
Grease, use of on wheels and axles, 21 
Green silk, magnetic, 86 , -I 

Gulf-stream, 193 
Gypsum, powdered, bad conduction of 

heat by, 248 
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Harmonica, chemical, 208 

— condition of flame prodneini^, 205 
Heat and cold, onpoeite elTecta upon 

thermo-electric pile, 16 

— generated by mecbanical proeetieg, 17 
Heat generated by friction, 18 

oorapreaeion, 10 

pereuulon, 10 

falling of mercury or water, 20 

— oonsamption of in work, 26 

— nature of, 37, et •mf 

«- a motion of ultimate particles, 30 

— developed when air compreiaed, 41 

motion of air stopped, 28, 4ft 

br rotation in magnetic deld, 61 

— mecbanical equivalent oi; 64, ^ e/ 

— proportional to height through which 
the body falls, 66 

— relation of to velocity, 66 

— Bacon's conception of, 66 

— Romford's essay on, 67 

-~ production of inexhaustible, 70 

— a motion, Rumford'a conception of, 
91,70 

— a rectilinear motion, 76 

— expansion of a gas by, 70 

— imparted to a gas under constant 
—pressure, 80 

— at constant volume, 82 

— produced by stretching iLdia rubber, 
lOl- 

IWctlon of Ice, 108 

— a repulsive motion, 110 

— conversion of Into mechanical energy, 
112 

— sound, 117 

— developed by electricity, 117, 226 

— performance of work by in steam- 
engine, 132 

— power of in exi>anding bodies, 164 

— two kinds of motion produced in 
bodies by, 166 

— interior work performed by, 156 

— consimiod in forcing atoms asunder, 
166 

— generated by drawing atoms together, 
156 

— quantity vielded up by diflTerent Dod- 
ies in cooling, 157 

— Bpeciflo,168 

— causes change of state of aggregation 
in bodicB, 161 

— latent, of water, steam, and aqueous 
vapor, 162, tt ary. 206 

-^ — definition of, 162 

— generated in passing from liquid to 
solid sUte, 166 

— cause of more equal distribution of 
180, 103 

— conveotloo of, 108 

— necessary for the production of gla* 
cier8,206 



Heat, distinetfon betwMO it and ordinary 
motion, 218 

— conduction of defined and iflvtrated, 
210 

not equally possessed by every- 
body, 220 

— method of determining the condncti- 
blllty of bodies for, 223 

— and eiectricuy, relationship of, 225 

— nM>tion of interferes with the motion 
of electricity, 226 

— conversion of into potential energy. 
230 i~ iw 

— difference of conductivity of in crys- 
tals and wood, 231, et Mq, 

— transmission of through wood, 233, 
240 

influenced by the mechanical 

state of the body, 247 

— oonduetlon of by hydre^n gas, 265 

— passage of through a vaeaum, 258 

— to what motion of Imparted, 255 

— radiant, 265 

— rays beyond visible ■pectrmn, 268 

— obeys the same laws as light, 277 et 
teg. 

— action of on oxygen and hydrogra,28l 

— law of inverse squares ap^ftd to, 298 

— transversal undulation of waves of, 
800 

— motion of, more impeded by groups 
of than by single atoms, 801 

— quality of, 317 

— rays of sifted by absorbent bodies, 
817 

— transmission of through opaque bod- 
les.321 - 

— effect of on ice, 324, et seq. 

— absorption of by gases, mode of ex- 
periment, 338 

means of detecting minuts 

amount of, 342 

— radiant, apparatus for researches on 
described, 845 

— fh^ passage of through dry air, oxy- 
gen, hydrogen, and nitrogen, 348 

— absorption of by gasra and vapours, 
340, et 9eq. 

— absorption and radiation of a gas or 
vapour determined without external 
heat, 860 , ^ 

— absorption of by aqueous vapour, 3«H 
etaeq. . 

— nocturnal radiation of, the cau«o or 
dew, 414, et aeq, 

— amount of generated by collision of 
meteors with the sun, 436 

— developed by flrictlon of UUal wave, 
440 

— sonroe of this heat, 440 

Height, influence of on combustion, 63 
Hclmholtz, his remarks on the exbaos- 

tion of the mechanical force of oar 

system, 448 , . . 

» his calculation of heat that would be 

caused by atoppage of earth's motion, 

57 
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Henobel, Bir WiQIsB, hU aiieovuy of 
the obscure raye of the Bpectnun, 268 

— Sir JohD, note on rock-salt, 340 

.. ineasaremeDts of solar radiatloDt 

431 
Herbs, aromatic, action of thdr odours 

on radiant heal, 874 
Humboldt on the cold of Central Asia, 

405 
Hnyghens, his theory of light, 268 
Hydrochloric acid, absorptkm of heat 

by, 862 
Hydrogen, coUUIon of atoms of with 

oxygen, 60 , , 

— amount of heat generated by com- 
blning with oxygen, to form water, 
163 

~~ cooling effect of on heated bodies, 254 

— low power of absorption possessed by, 
859,efse9. 

Hygrometer, use of radiant heat as, 400 



Ice liquefied by fHctlon, 40, 108 

— why it swims on water, 03 

— liqueffed by pressure, 121, 148, 328 
~ structure and beauty of, 122 

— dissected by beat, 123 

— flowers, 122, tt aeq.y 824 et weq, 

— memoir on physical properties of, 
146.324 

— carrier or cryophoms, 169 

— visc<tua theory of, 198 

— regolation ditto, 199. et Mg. 

— proofs of non. viscosity of. 214 

— power of absorbing heat oy, 320 

~ planes of freezing in, how recognised, 
824 

— not homogeneous, 828 

— theory of molting Interior of by con- 
duction of beat, 832 

~ examination of waterblobs in, 334 

— cause of freezing of two pieces of, 335 

— artificial formation of by nocturnal 
radiation, 418 

— this theory supplemented, 419 

— amount melted per minute by solar 
radiation; Herschel and Poaillet*s 
measurements, 431 

— amount melted per hour by total 
emission of sun, 434 

Iceland, Geysers of, 134 

India-rubber, stretching of produces 

heat, 101 

contraction of by heat, 102 

Ingenhausz. his experiments on the con* 

duction of heat, 223 
Interior work performed by heat, 155 

different kinds of, 160 

Iodide of methyl, absorption of heat by 

vapour of, 868 
lodiue, dissolved in bisulphideof carbon, 

diathermancy of, 366 
Ireland, more rain on west tide than on 

east, 100 



Ireland, traoM of andoit glaclen in, 204 
Iron, botUe burst br fyeedng water, 03 

— expansion- of by neat, 97, et aeq. 

— presence of in sun proved, 430 
Isothermal line runs north and south in 

England, 193 
Ivory, bad conductivity of, 242 



Joule, his experiments on the mechanic- 
al equivalent of heat, 25, jB6 

heat and work. 62 

-^ — — — magneto-electricity, 8d 

— — the shortening of India- 
rubber by heat, 101 

— letter of^Dr., 462 



Eopp, Professor, his determination tut 
the cubic co-efficients of expansion, 105 



Lampblack, nowerful absorption and 
radiation of, 366 

— radiation of heat through, 807 
Land breexe, how produced, 187 
Latent heat of water, 40, 162 
liquids, 166 

vapour, 168 

Lead ball heated by collision, 55 
Lead, curious effect of expansion of, 00 

— carrier in Trevelyan's instrimieDt, 116 

— low specific heat of, 157 
Lecture on force, 450 

Leidcnfroet, first observer of the spho- 

roidal state of liquids, 177 
Letter of Dr. Joule, 462 

Prof. Tyndall, 465 

Light pAduced by friction of quartz, 23 

— of lamps, to what due, 60 

— of gas destroyed when mixed with 
air, 62 

— theories of, 263 

— propa^raiion and sensation of, 264 

— reflection of, 275 

— action of on chlorine and hydrogen, 
280 

— law of diminution of with distance, 
208 

— undulations of -transversal, 300 
Liquids, calorific transmission of, Mel* 

Ionics table, 313 

— condition of matter, 75 

— changing to solid produces heat, 166 

— the spheroidal stale of. 172, et sea. 
Liquefaction of ice by friction, 40, 108 

r — pressure, 121, 148, 328 

Linear co-eflicicnt of expansion, 104 
Lioyd Dr., his tables of rain&U in Ire- 
land, 190 

Locke, his view of heat, 30 
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Magniif, Frofeiior, pore oopper obtained 
by, 34 

— — bis experiments on gaseous con- 
docUoDi 253 

the conductivity of hydro- 
gen, 265 

Magnetic axes of astatic needles cross 
each other, 3S 

— field, apparent viaoosity of, 49 
Magnetism of copper wire, cause of, 86 
Marsh inui, absorption of, 861 
Material theory of heat, 87 

Matter, liquid condition of, 75 

— gaseous ditto, 75 

Mayer, Dr., the relation found by be- 
tween heat and work, 52 

»» bis calculation of the heat that 
would be produced by stoppage of 
earth^s motion, 07 

— — — mechanical equivalent of beat, 
85 

essay on celestial dynamics, 

quoUdd fhnn, 440 
bis meteoric theory of sun's heat, 

440 
Mechanical processes, generation of heat 

by, 17 

— work, consumption of heat in, 26 

— theory of heaL 26 

— equivalent of neat. 54, 88, ei aeg.^ 87 

— work, gas expanding without per> 
forming, 88 

— force, amount formerly and now pos- 
sessed in our ^tem, 443 

Meidinger, M., his experiments on ozone, 

378 
Mellon!, his suggestion for obtaining 

pure copper wire, 34 
mode of proving the diminution of 

heat as the square of distance, 299 
researches on radiant hea^ 810 

— — table of the transmission of heat 
through solids, 811 

diUo, ditto, liquids, 813 

theory of serein, 407 

addition to the theory of dew, 421 

— " experiments on the warmth of the 
lunar ravs, 422 

Mercury, low npeeifio heat of, 157 

— fh>£en by solid carbonic acid, 171 

— — In reahot crucible, 179 

Mer de-Qlaoe, abstract of discourse on, 

208 
Metals good conductors of heat, 221 
~ proofs of dlflbrence in conduction by, 

221, et teq. 

— bad radiators, 801 

— — absorbers, 806 

— effect of their bad radiation, 417 

— bands seen in spectra of their vapours 
424 

— presence of terrestrial, In eon proved, 



Meteors, aodiietl Ugjit supposed to ba, 

— numbes of seen in Boston, 486 

— amount of heat generated by collision 
ofwithsun, 438 

— sun^s light and beat, kept up by, 68, 

Meteorologv, absorption of aqueous va- 
pour appUed to phenomena of, 401, ei 

Metbylio alcohol, absorption of heat by 

vapour of, 868 
Mitscherlicb, Professor, his experlmenta 

on the expansion of crystals, 100 
Molecular motion, beat a, 41, 74, 218 

— vibraUoB of a body more intense wben 
heated, 74 

— force irresistible, 96 

— — power of, 154 
calculated. 169 

— action in wood, eflect of. 841 
Moon blindness, cause of, 418 « 

— beams, cause of putrefying power of; 

— warmth of rays of, MeUonPs exp^- 
mentson.422 

— obscure neat of out off by our «tmo> 
sphere, 422 

Moraines (be means of tracing tbe ti1bii> 
taries of glaciers, 206 

Mosely, Rev. Canon, curious effect of ex- 
pansion noted by, 99 

MotloQ, bent an expansive, Baeon, 67 

considered to be, by Bumfqra, 70 

Locke,89 

— transference of from mass to mole- 
cules, 74 

— point of maximum in a glacier, 210 
Mountains good condensers, cause of, 

403e<«eg. 
Moving force, an)ount of heat produced 

by destruction of, 67 

produced by steam, 133 

or dynamic enoi^, deflned, 151 



N6v6, the feeder of the fflader, 196 
Newton, his opinion of the diamond, 68 
«- — emission theory of light, 268 
Nitre, production of cold by dissolving 

of, 165 
Nitrogen, absorption and radiaticm of, 

360, et see. 
Nitrous oxide, absotption and radiation 

otf 860, f / seq. 

dynamic radiation of, 383 

— acid sas, bands produced by spectrum 

of, 426 
Nocturnal radiation, experiments on by 

Wells, Glaisher, and others, 420 

artificial formation of Ice by, 418 

Novtfhi OrKammi, extract from tod 

book of, 68 
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ObMore heat, nyi of, obey same laws 

M light, 277 
~ ^ ratio of Imninoat to obsoure rays 

from different ■oareee, 823 
Ocean, itifluenoe of on temperature, 160 
Olefiant gas, athermancy of, 849, et aeq. 

— — table of abeorptiOQ of at dl^ereut 
tentioni, 351 

— by tarloQS meaauret, 

?53 

racUatf on of. 800 

dynamic radiation of, 883 

vamiahiDg meul by, 384, et §eq. 

Organic motion, paper by Mayer on, 85 

— ttraetures. table of conductivity of, 242 
Oxygen, oollieion of atoms of with car- 
bon, 60 

— small absorption of heat by, 300, et 
eeg. 

Ozone, option of on radiant heat, 378 

— increase of, by redaction in slie of 
electrodes, 877 

— experiments on means of producing 
Increased quantity of, 877 

~- probable constitution of, 379 



Particles of matter, space between, 110 

— Impact of, causes sensation of heat, 

— ultimate, motion of produees heat, 30 
F%u«bolic mirrors, reflection of light and 

heat from, 270, et eeq. 
Percussion, heat generated by, 20 
Perfumes, now propagated, 70 

— table or absorption of heat by, 874 
Perspiration, use of in hot climates, 230 
Photosphere of sun, action of on solar 

rays, 429 
Physical properties of ice, memoir on, 

824 
Pile, thermo-electric, construction and 

use of, 14, 30 
P]l)es, water, how burst, 94 
Pitcli of note, upon what dependant, 271 
Planets, orbital velocity of some. 23 
^ heat that would be developed by their 

foiling into sun, or by resisting revo- 
lution of, 443 
Polar forces, heat required to overcome, 

160 
Potential or possible energy defined, 151 
PouUlet, M., his experiments' on the 

temperature of air and swan's down, 

421 
measurement of solar radiation, 

431 

pyrbeliometer. 431 

Pressure, relation to heating of gases, 

80, 84 

— effect of on point of fusion, 119 
— crust of earth, 119 

— llqusfaclion of icu by, 121 



Pressure towers freezing iwint, 148 
Propionate of ethyl, absorption of heat 

bj vapor of, 368 
Pulse sonorous, how produced. 271 
Pyrbeliometer, use and description of. 

Pyrometers, 97 



Quartz, clear and smoky, transmit equal 

amounts of heat, 312 
Quality of heat, deflnllion ot, 817 



Raln^ eanse of the torrents of in the 
tropics, fall, 188, 401 

— fan greater on west than on east 
. coast of Ireland, 190 

Dr. Lloyd's toble of; In Ireland, 190 

— — places where greatest occur, 190, el 
M«q. 

upon what dependant, 100 

Radiant heat emitted by all bodies, 278 

and lleht, analogy between, 274 

laws the same as those of light, 277 

— — reflection and convergence of rays 
of, 278 

law of inverse squares applied to, 

298, et aeg. 

— — apparatus for researches on de- 
scribed, 345. 

action of perfumes on, 873, et »eq, 

absorption of by gases, 48, et »eq. 

vapours, 368 

Hadlation, effect of colour on, 802 

— and absorption, reciprocity of, 804 

— obscure, 323 
-^ by gases, 360 

— and absorption of a gas or vapour de- 
termined without external heat, 381 

— dynamic, table of gases, 888 

by gaseous matter, paper on, 400 

— dew an effect of cbillin(( by, 416 



— nocturnal, Olalsher's table of chilling 
by, 420. 

artiQclal formation of ice by, 418 

Radiating body and air, difference be- 
tween constant, 421 
Rarefaction, chilling effect of, 44 

— will not by itself lower meau tempe- 
rature, 88 

Reaumur, his thermometer, 100 
Rectilinear motion, atoms of gases move 

with, 76. 
RefHgeration by expansion of a gas, 85 
Reflection of light and heat obey same 

laws, 274 
Reffolatlon, discovery of by Faraday. 

— of snow granules, note on, 2M 
Rendu, his plastic theory of ice, 203 
Repulsive motion of heat. 41, 110 
Resistance, heat of electric current pro- 
portional to, 117,225 
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BeTolTiog teUa, Oore*! ezperlmenU on, 

Rifle ball, unoant of boat meratdd by 

etoppage of ita motion, 60 
Riven, point of swiftest motiaa In, 

209 
Rookor used in the Trevelyan inetru- 

nient, 113 
Rock-salt, transmrancy of, to^beat, 810 

— hygroaoopio cnaracter of, 808, 410 

— depoaiUon of moiaiure on avoided, 
394 

Roution of BilTor xtRdal stopped by 

magnet, 60 , . , 
earin, eflloct of on trade winds, 

183 
climate of England, 

199 
Rum ford, Oonnt, bis experiments on 

beat produeed by frietion, 23 
overthrow of the material theory 

of beat, 89 

abstract of bia essay on heat. 87 

bis estimation of the caiorlflo 

power of a body, 182 
experimenta on the oondactiyity 

of clothing, «6 _ 
> on the condnotivlty omqulds 

antl gaaed, 252 
KapcrCs drop«, 99 

S 

Safety lamp, explanation and nso of, 
2ftl 

Bait and sugar, diasolving of prodoces 
cold, 65 

'- common, yellow bands emitted and 
absorbed by raponr of, 428 

Scents, action of on radiant heat, 873, et 
8eq. 

Scbemnitx, machine for compression of 
air at, 40 

Bcball^sob, Count, musical notes ob- 
tained from coal gas by, 287 

his pftp«r on aconatic experi- 
ments, 2§2 

Bchiagintweit, Messrs., their obserTa< 
tions on the babbles in ice, 329 

Schwartz, bis observation of sound pro- 
duced by cooling silver, 112 

Sea warmer after a storm, 20 

— breeze, how produced, 187 
Be'enlte, absorption of heat by diilbrcnt 

thicknecvcs of, 318 
66rein, Melloni's theory of, 407 
Shooting stars, theory of, 23 
Silica, water of Geysers contains and 

deposits, 134 

— as crystal, high conductive power of, 
242 

— powder, low ditto, 247 
Singing flames, 281, et aeq. 
paper on, 284 

Sky, colour of, 406 

Snow, shower of produced by isBning of 
compressed air, 48 



Snow, earbonie acid, 170 

— bewity of, IM 

— efyMals,196 
~ line, the, 196 

— formation of glaefers fVom, 19T • 

— ball, cause of adherenoe of, 200 

— bridges, bow crossed, 301 
-^ squeesed to loe, 201 

~ granules, note on the regetetlon <a^ 

Sodium, yellow bands emitted and ab- 
sorbed by vapour of, 428, 431 

Solar q>eetrum, cause of dark Hues in, 
43a SoealsoAm. 

Solids, expansion of by heat. 97 

— calorific transmission of, MeOoDi** 
table, SU 

Solidification aceontpanied by ezpan* 
s1on,98,etse9. 

— — — oontraimon, 118 

Sound produced by Treveiyaa Inatm- 
ment, 118 

— mode of its transmission through air, 
280 -• » 

— produced by flame, 281 

— undulation of waves of, longitudlaal. 

Sounds, inaodiblo, 278 

— musical, prodaced by gas flame In 
tuWs, 284, €t Beg. 

Specific heal of bodies, how determined, 
159 

Specific heat of water the highest, con- 
sequences, 180 

masking tho conductive power of 

a body, 248 

Spectra of zinc, copper, Ac , 425, ei $eq. 

Spectrum, Invisible, proved, 268, et ssy. 

— solar, cause of dark lines in, 480 

— of carbon, 423 

— of solids, similar to, 423 
Spherical form of earth, eflVwt of on 

winds. 187 
Spheroidal state of liquids, 172, et seq. 

— condition, flrst observer of, 177 
Spheroid, floating of, in iu vapour, 172. 

— not in contact, proved, 175 
Springs, lx>iling, of Iceland, describe^, 

184 
Steam, how produeed, 128 
•— elastic force of increased by heating, 

132 

— latent heat of, 162 
Strokknr, the^ imitation of. 139 
Storms prodaced by heated air, 183 
Sulphate of soda, cold produced by dia- 
solving, 188 

heat produeed by orystalliaing, 

187. 
Sulphuric acid used for drying gases, 

350 

— ether, absorption of heat by vapour 
of, 354, et sea.. 868 

Sulphurous add, absorption of, 881 
Sulphide of hvdrogen, absorption of, 802 
Sun, cause of oontinnanoe of heat aod 
light of, 58, 430 
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Boo, prodaotton of wUidi by heal of. 182 

— does not heat diy air aanaibly, 319 

— constitatloniDfi 429. 

~ and planeta, sappofled common origin 
of, 480 

— boating powpr of, meatnrementa by 
Hermhel «nd Ponillet, 431 

^ mode of determining the radiation oi^ 

432 
~ atmospheric abfiorption of beat of, 

483 

— total amoont of heat emlttad by, 434 

— flame atmosphere surrounding, 439 

— all organic and inorganic energy re- 
ferred to 444, et sea. 

— r small fraction or its heat that pro- 
duces all terrestrial energy, 448 

S^izeriand, evidencea of aDoleot giaokrs 
in, 203 

Syrene, singing flamo produced by 
•oanolng, 266 



Tentpcratnre, upon what dependant, 111 

— abaci uto zero of, 00 

— high, how endured, 229 

— dew caused by .lowering of, 416 

— difficulties in ascertaining the true, 
417 

Teneriffo, Peak of, iwo currents blow 

on, 188 
Therraalweflbcts of air, 43 

— a body falling from a height, 54 

Thcrmcelectriopile, 14. 30 

used dificrentially in researches 

on radiant heat, 344 

— electricity, discovery of, 32 
Thermometer, construction of, 106 
Thomson, Professor Wm., on ehrth*s 

crust, 94 
his snggestion that India-rubber 

would shorten by heat, 102 

theory of the sun, 440 

— tables of energy, 442 

— Professor James, on the influence of 
pressure on fusion, 120 

— — — his explanation of the fk-oezing 
together of two pieces of ice, 146 

Tidal wave, velocity of earth's rotation 

diminished by, 440 
Trade winds, upper and lower, 188 
Transparency of oodies, cause- of, 807 

— not a test for diathermancy, 321 
TmnBrolMion of heat through solids, 

Melioni*s table, 311 

liquids, ditto, 313 

Tr6laporte, squeezing of glaciers through 

valley of, 212 
Trevelyan, Mr. A., his Instmment, 112 

cause of vibrations of, 116 

— notes of lecture on, 142 

Tropics, flow of air from and to, 188 

— the region of calms or roios, 188 

— cause of the torrents of rain in, 401 
Tyndall's letter to Dr Joule, 465 



Ultimate particles, moUon of prodaoee 

heat, 39 
Undulation-theory. 263 



Vacuum in centre of ice flowers, 124 

— passage of hi^t through, 268 
Vacuum, dry air similar to, with regard 

to radiant neat, 348 
Vapour of water condensed by rarefac- 
tion of air, 45 
~ production of consumes heat, 168, 206 
—phenomena attending production of, 

— supporting of spheroid by, 1T3 

— of water, condensation promoted by, 
40 

metals, sx>ectrum of, 424, et teq, 

— absorbs those ra^s which it emits, 426 
Vapours, Uble of absorption of heat by, 

d>*namlo radiation and absorp- 
tion of, 386 

Vaporous condition of matter, 76 

Varnishing a metal or feeble gas by a 
powerful one, 386 

Velocity of planets and aerolites, 23 

— heat augments as the square of, when 
a body stopped, 56 

Vibratory motion, beat thought by Davy 
to be, 111 

Vibration, of heated meUI, 114 

bodies having diflbrcnt tempera- 
tures, abstract of lecture on, 142 

sounding disks, 200 

Viscous theoiy of ice, 198 

Viscosity, test of, 214 

Vhai force, supposed conservative action 
of, 230 

Voliune of a goa augmented by heal, 79, 
elseq 



. W 

Water boiled by friction, 24, 2tt, et 8^. 

— expanded by heat, 92 
cold, 92 

— maximum denitlty of, 93 

— contraction of by bpat, 93 

— pipes, why burst, 04 

— conesion of increased by removing air 
from, 126, et aeq. 

— hammer, 126 

— effiBcts of, when in a highly cohesive 
condition, 126 

— formerly regarded as incompressible, 

— Bacon's experiment on the compres- 
sion of, 154 

— has the highest speciflc heat, 168 

— amount of heat yielded by, in cooling, 
r,157. . 
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. Wal«r, fpeeiflo beat of, bow detennlned, 
160 

— amonat of work equal to beating of 

r,i«o 

— effect of high upeclflo beat of, 101 

— latrDt heat of, 16S 

— mechanical value of combination, eon* 
debnaiion and congelation of, 164, et 

— evaporation of prodocet cold, 168 

— frozen bv lU own evaporation, 160 
in rea-hot crucible, 17» 

— opacity of to heat, 309 

— distilled, colour of, 8U 

— Us power of sifting beat, 881 

-> efltets of ita energy as a radiant, in all 
iU statea, 404 

— aa liquid, abeorba same raya aa Ita 
vapour, 407 

— amount of would be boiled by tbo 
total emisalon of aun, 434 

Waves of sound, 871 

light, 272 

beat and eoond, difference between, 

300 
Wella, Dr., his theory of dew, 416, et »eq. 
many curious effects exiilained by, 

Winds, extinction of light of gas by,.63 

— produced by sun, IKI 
Wfuds, trade, 183 



Winds. db^UoB Of IziftaeDced by «arth*a 
rotation, 188 

— leaser, cause of, 187 . 
Wollaston. Dr., lines in solar speotmm 

obeervea by, 429 

— -^ bis eryopborus. 109 
Wood, bad conduotibihty of, 229 

— difference of conductivity m, 232 

— apparatus for ascertaining condue- 
tivlty of, 238 

— three axes of conductive power in, 841 
Woollen textures, imperfect oonducuon 

of, 240 
Work, constant proportion between It 

and beat, 63 
~ interior, 166 



Young, Dr. Thoa. bis theory of light, 28 
— eetabliaument of the undula- 
tion theory, 268 , 



Z 

Zero, absolute, of temperature, 90 
Zinc, banda seen in spectrum of vaTK>ar 

of, 424 
Zodiacal light, probable caose of, 68, 436, 
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